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Abstract
Lake Mungo is home to some of the earliest and most significant archaeological sites in Australia and
contains a sedimentary archive that charts environmental change throughout the Willandra Lakes Region.
This thesis sets out to provide a methodological approach to integrate the archaeological and
environmental record of Lake Mungo. This study had 3 aims: to assess the stratigraphic integrity of these
hearth features using soil micromorphology and Fourier transform infrared (FTIR) spectroscopy; to
integrate these archaeological traces into the wider landscape by analysing the stratigraphic record of a
gully system located in the southern end of the lunette; and finally to provide chronological context using
optically stimulated luminescence (OSL) dating.
A total of 8 stratigraphic units were identified that range in age from 65 ± 4 to 19 ± 1 ka ago. Although
parallels could be drawn between these units with the classic units of previous studies at Lake Mungo,
some variation was found to exist. One major variation was found in the sedimentary composition of SU4
(~34–26 ka), which showed micromorpholgical evidence at odds with the suggested high lake levels of
previous work. Micromorphological analysis and FTIR spectroscopy of the sediments from the two
combustion features showed evidence of both anthropogenic rake out and dumping, and geogenic
reworking via aeolian activity. Furthermore, the presence of a disconformity surface above the combusted
materials in both sediment blocks implicates the integrity of unburnt archaeological materials from above
this surface. OSL age estimates from both combustion features place the formation of these features
with the SU6 depositional phase (~23–20 ka). Structures observed in thin section from the combustion
and sediment blocks along with wider palaeoenvironmental indicators pointed towards a harsh, cold and
windy environment during this time.
Further experimental and empirical work into identifying in situ combustion features is required to fully
realise the potential of FTIR in this sphere. However, the use of micromorphology was shown to be
invaluable in assessing the association between combustion features and the associated archaeological
materials, without which would otherwise be considered to be spatially and temporally secure. The
techniques outlined in this thesis ultimately provide a geoanalytical framework to support on-going
archaeological investigations of the Lake Mungo lunette.
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ABSTRACT
Lake Mungo is home to some of the earliest and most significant archaeological sites in
Australia and contains a sedimentary archive that charts environmental change throughout the
Willandra Lakes Region. This thesis sets out to provide a methodological approach to integrate
the archaeological and environmental record of Lake Mungo. This study had 3 aims: to assess
the stratigraphic integrity of these hearth features using soil micromorphology and Fourier
transform infrared (FTIR) spectroscopy; to integrate these archaeological traces into the wider
landscape by analysing the stratigraphic record of a gully system located in the southern end
of the lunette; and finally to provide chronological context using optically stimulated
luminescence (OSL) dating.
A total of 8 stratigraphic units were identified that range in age from 65 ± 4 to 19 ± 1 ka ago.
Although parallels could be drawn between these units with the classic units of previous studies
at Lake Mungo, some variation was found to exist. One major variation was found in the
sedimentary composition of SU4 (~34–26 ka), which showed micromorpholgical evidence at
odds with the suggested high lake levels of previous work. Micromorphological analysis and
FTIR spectroscopy of the sediments from the two combustion features showed evidence of
both anthropogenic rake out and dumping, and geogenic reworking via aeolian activity.
Furthermore, the presence of a disconformity surface above the combusted materials in both
sediment blocks implicates the integrity of unburnt archaeological materials from above this
surface. OSL age estimates from both combustion features place the formation of these features
with the SU6 depositional phase (~23–20 ka). Structures observed in thin section from the
combustion and sediment blocks along with wider palaeoenvironmental indicators pointed
towards a harsh, cold and windy environment during this time.
Further experimental and empirical work into identifying in situ combustion features is
required to fully realise the potential of FTIR in this sphere. However, the use of
micromorphology was shown to be invaluable in assessing the association between combustion
features and the associated archaeological materials, without which would otherwise be
considered to be spatially and temporally secure. The techniques outlined in this thesis
ultimately provide a geoanalytical framework to support on-going archaeological
investigations of the Lake Mungo lunette.
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1 INTRODUCTION
The past half century of multidisciplinary research in the Willandra Lakes Region World
Heritage Area (WLRWHA), and Lake Mungo in particular, has resulted in the production of
two nationally significant stories. First, archaeological research has revealed the Willandra to
be home to some of the earliest, and most significant, sites in Australia. Here, stone and bone
tools, burials, hearth features and associated faunal remains paint a picture of the everyday
lives of Indigenous Australians that have lived here for thousands of years – interacting with,
shaping and adapting to their surroundings. Running parallel to its human story is a record of
significant environmental and landscape change. Geomorphological research undertaken to
establish the development of the source-bordering clay dune on the eastern side of lake Mungo
charts major shifts in climate on both a regional and local scale over the past ~130 thousand
years. The problem, however, is that in approaching the WLRWHA from such disciplinarycentred viewpoints means that these two stories exist as isolated, virtually unintegrated
narratives.
Past research programs at Mungo have published on both the environmental and human
elements of the WLRWHA, with the aim of building a foundational understanding of each.
The archaeological record for Lake Mungo is dominated by the results of the late 1970s
excavations conducted in the southern tip of the lunette. However, more recent investigations
have focused primarily on analysing the surface scatter of archaeological traces in the central
portion of the lunette and relating the relative positon of these artefact within the lunette
stratigraphy to provide chronological context. However, in this dynamic, open-air and
regionally-diverse environment, archaeological traces are often mobilised and washed away as
quickly as they were uncovered. In contrast, the palaeoenvironmental framework for the
development of the Lake Mungo lunette is the total sum of broad-scale sedimentological
research conducted across the WLRWHA and chronological controls that, at times, do not
relate directly to the event of interest being dated (i.e., lunette development). These studies do
not cohesively combine factors from multiple disciplines, leaving the legacy of Lake Mungo a
series of ‘floating records’ seemingly without apparent relation.
Currently there is no template to combine the duel environmental and archaeological
narratives within the WLRWHA. Yet, the integration of these records is crucial if we are to
1

obtain a more comprehensive understanding of its multifaceted history. It is only by providing
context to the archaeological remains – in terms of time and space – that the correct sequence
of events can be established. By orientating archaeological traces in this way, and bringing
together

the

archaeological

and

environmental

narratives

through

an

integrated

multidisciplinary approach, are we able to gain better insights into the behavioural traits and
patterns of the early inhabitants of the WLRWHA.
This thesis focuses primarily on providing context for archaeological traces and, more
importantly, integrating them into the wider palaeoenvironmental picture. The remainder of
this chapter outlines the approach undertaken in this thesis; the location of the landscape study
site in the southern end of the Mungo lunette; the selection and location of combustion features
as a secure archaeological trace for analysis; and how these records are to be integrated into
one contiguous story.
Chapter 2 presents a summary of early research and critical review of current literature of
WLRWHA. More specifically it details the current understanding of depositional and erosional
processes of the Lake Mungo lunette, chronological investigations using OSL dating as well
as a brief review of archaeology at this site.
Chapter 3 outlines the sampling and analytical methods used to conduct sedimentological
and micromorphological analysis of stratigraphic sections within gully 14. The results of this
analysis will then be presented in stratigraphic order in conjunction with a preliminary
interpretation of potential depositional processes.
Chapter 4 details the OSL dating technique and why this method was chosen to investigate
Lake Mungo chronologically. It will outline the procedures of single-grain OSL including
sampling and preparation well as determining equivalent dose (De) and dose rate (Dr). The
results of this section are then presented, including De distributions, environmental Dr and age
estimates for the stratigraphic units established earlier. The associated errors of this method
and how they were accounted for will also addressed in this chapter.
Chapter 5 introduces the archaeological component of this study, detailing the preparation
and analysis of the selected combustion features. It will outline the analytical methods used to
investigate these features including Micromorphology, Fourier transform infrared
spectroscopy (FTIR) and OSL dating. The results of this section will be presented
correspondingly, with preliminary interpretation of these findings.
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Chapter 6 discusses the environmental, chronological and archaeological results obtained in
this research and how superimposing data can give a more comprehensive understanding. From
this combined standpoint the broader implications will be considered of not only the
environment and people of Lake Mungo but the wider regional setting of the Willandra.
Finally, limitations of this study will be discussed followed as well as recommendations for
future research to further this project.
Chapter 7 presents a summary of research outcomes and concluding statements of this
thesis.

1.1 SITE ORIENTATION AND STUDY APPROACH
This study is comprised of three aspects: landscape, people and time. Below I present a brief
orientation and rationale for selecting our study site and samples, and how these feed into the
larger Mungo Archaeology Project (MAP), at large. Although I will demonstrate that each
aspect is indeed separate, it is the ability to articulate these aspects through the use of
corresponding and complimentary analytical techniques that will enable a coherent story to be
told.

1.1.1 Landscape study site – Gully 14
The Joulni boundary marks the southern third of the lunette at Lake Mungo and is where
this investigation will be primarily focused, building on current MAP research in this area (Fig.
1.1). Although, the Joulni area is rich in archaeological material, it is the sedimentary history
of the lunette that is the main reason for investigating this region. Unlike other regions of the
Mungo lunette, here the lunette has been the subject of extensive and deep gullying processes
creating a series of vertical slices through time and the landscape history of the region (Fig. 1.2
and 1.3B). This thesis will focus on the sedimentary record preserved within Gully 14 (Fig.
1.2).This specific gully was selected for three reasons:
1. Gully 14 is the longest gully in the Joulni region, with a length of ~200 m;
2. The active gully processes (Fig. 1.3) have cut down through up to ~3 m of sediment
exposing a deep sequence of sedimentary units; and,
3. Younger sedimentary layers are preserved in residuals above the gully proper where the
sediment surface has been planed flat.

3

Fig. 1.2 Aerial view of the northern Joulni section of the Lake Mungo lunette showing the
position of Gully 14. Gully 10 is also shown and is the location of ongoing MAP investigation
undertaken by Jankowski et al. (in prep). Image courtesy of the Mungo Archaeology Project.

5

1.1.2 Combustion feature study samples – Hearth Blocks 1455 and 1467
Archaeological traces are found in abundance across the surface of the Lake Mungo lunette.
A foot survey conducted in the Walls of China tourist area by Stern et al. (2013) systematically
recorded the spatial positioning of artefacts such as stone tools, grind stones, ochre pellets,
cooking hearths and burned food remains (bone, shellfish and eggshell). These traces of human
activity were documented in relation to the formalised stratigraphic units of the lunette, most
commonly being Upper Mungo, Arumpo and Zanci. By connecting archaeological artefacts
with the landscape, a picture starts to form of what life might have looked like spanning from
~55 ka to the present (Stern et al. 2013). The problem, however, is that these traces are
continuously being uncovered and washed away by the highly erosional and dynamic
landscape (Stern et al., 2013).

Fig. 1.4 Aerial view of foot survey area north of the Walls of China Tourist Area in the central
Mungo lunette marked with the locations of the investigated combustion features.

7

Combustion features are unique in this mobile landscape because they are generally considered
to have remained in situ since they were abandoned. These archaeological traces are thought
to be fixed points in both time and space given that the heating process bakes and hardens the
underlying sediments, reducing its erosion potential (Stern, 2018, pers. comm.). Having
remained fixed in time and space, the information recovered from combustion features is
invaluable when drawing conclusions about subsistence and foraging economies.
Combustion features were excavated from the central lunette as part of on-going
archaeological research, two of which have been selected for this study (Fig 1.4). These
features were chosen specifically as they clearly contain sediment that has been heat exposed,
evidenced by dark homogenous sediment (Fig 1.5). These combustion features also contained
faunal remains which are currently under investigation by MAP researchers at La Trobe
University, Melbourne. The preliminary findings of HB1455 observed that most faunal
material was un-burnt, suggesting that it unrelated to the burning event (Foley, 2019, pers.
comm). Whereas HB1467 contained heat-altered faunal material thought to be associated.
By determining the structural characteristics of the combustion feature sediment and its
relationship with the surrounding ‘unaltered’ sediment, the integrity of the feature can be
assessed, such as if it is in situ. Furthermore, in conducting this assessment, the findings here
can help aid the archaeologists of the MAP project in the accurate interpretation and association
of the faunal with these discrete archaeological traces.

1.1.3 A stitch in time (and space) – integrating landscapes and archaeology
To create an integrated picture of the Lake Mungo lunette, the landscape and archaeological
narrative will be stitched together by drawing connections using corresponding analytical
techniques.
Sedimentological analysis will be conducted on selected stratigraphic sections throughout
Gully 14 (Chapter 3, Section 3.1). These results, in conjunction with microscopic investigations
using soil micromorphological techniques (Chapter 3, Section 3.2) will be used to determine
depositional processes and surmise the broader environmental conditions of the landscape.
Similarly, the microsedimentological structure and integrity of the selected combustion
features will be investigated using soil micromorphology (Chapter 5, Section 5.2.1/5.2.2).
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Doing this will provide insights into the site formation processes (both geogenic and
anthrpogenic) pre-, syn- and post- combustion feature creation, as well as the structural
integrity of these traces. This assessment will be aided by Fourier transform infrared (FTIR)
spectroscopy on the combustion feature sediments (Chapter 5, Section 5.2.1.3/5.2.2.3).
validated by heating experiments on Gully 14 sediments.
Finally, the chronological context will then be provided for the stratigraphic units and
combustion features using single-grain OSL dating (Chapter 4, section 4.1). A common
timeline can then be formed that directly dates the depositional timing of the lunette as well as
the sediments encasing the selected combustion features. Ultimately, then, commonality in the
estimated ages of the sediments and combustion features will allow the palaeoenvironmental
conditions of the Lake Mungo basin to be directly linked to the conditions experienced by those
people living on and around the lunette during the construction of the combustion features.

1.2 SIGNIFICANCE AND INNOVATION
This study will to explore the dual stories of archaeology and landscape at Lake Mungo to
better understand both, while contributing to a much larger MAP body of work. This work is
significant because it is the first systematic investigation of the heating histories of combustion
features at Lake Mungo using FTIR and is applicable to studies in Australia and more broadly.
Such combustion features preserve evidence of human interaction with the environment, and
provide information about diet, subsistence and foraging economies. They are valuable in the
archaeological record because they are preserved much longer than other artefacts. Thus an
assessment of their stratigraphic integrity will help archaeologists piece together a more
accurate picture of what is happening in the past. This work also contributes towards the
understanding of the timing and dynamics of the landscape development of the Lake Mungo
lunette.
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1.3 AIMS
This project will set out to demonstrate the essential connection between the landscape and
archaeological record of the Lake Mungo lunette.
The specific objectives of this project are:
1. To investigate the physical composition and firing history of previously excavated
combustion features using soil micromorphological analyses of thin section and Fourier
transform infrared (FTIR) spectroscopy to assess their stratigraphic integrity.
2. To integrate these combustion features into the Willandra Lakes landscape through the
sedimentological and micromorphological analyses of several eroded gully sections
within the Joulni region of the Lake Mungo lunette.
3. To link the archaeological and landscape records together in time using single-grain
OSL dating of sediments entombing the combustion features and those collected from
the gully sections.

1.4 SUMMARY
The Lake Mungo lunette is a unique site within the WLRHWA as it is not only rich in
archaeological material but has also undergone extensive gully erosion exposing sedimentary
units in stratigraphic section. This provided an opportunity to tie archaeological traces in time
though sedimentological and chronological analysis of the landscape. In the past environmental
and archaeological research has been conducted separately, leaving the history of Lake Mungo
a series of untethered records. This research will attempt to combine methodologies from
environmental and archaeological disciplines to paint a more comprehensive picture of this
regions past.
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2 LITERATURE REVIEW
2.1 LANDSCAPE
This section will explore the wider geographical context of Lake Mungo including the
Murray Darling Basin, the formation of the Willandra Lakes and current climatic conditions in
the local area. More specifically to the research site, dune formation processes will be discussed
as well as a brief description of the geological units of which the lunette is composed.

2.1.1 Regional Setting
Straddling the border of Australia’s arid interior, the Willandra Lakes Region World
Heritage Area (WLRWHA; Fig. 2.1A) is located less than 100 km northeast of Mildura in
southwestern NSW and lies within the Murray Darling Basin (MDB) catchment area
(Fitzsimmons et al., 2014). The MDB extends more than one million square kilometres over
south-eastern Australia including parts of NSW, Victoria, South Australia and Queensland.
The Willandra Lakes system is fed by the Willandra Creek, a distributary of the Lachlan River
which has its headwaters at the Great Dividing Range in the eastern highlands of south east
Australia (Kemp & Rhodes, 2010). As the water within the Willandra Lakes was sourced from
the Lachlan River, the hydrological conditions within the lakes are thought reflect changes in
the available water budget of the eastern highlands, as well as localised hydrological inputs
(Bowler, 1998; Fitzsimmons et al., 2014).
Sitting within the Neckaboo and Ionia topographic ridges, the Willandra Lakes were formed
as a series of overflow lakes (Fig. 2.1B; Bowler et al., 2012). This system has been mostly
inactive and arid for the past 15,000 years, however the Willandra creek once sustained over
1000 km2 of fresh water lakes (Bowler, 1976). Lake Mulurulu is the first lake in this sequence,
followed by Lakes Garnpang, Leaghur, Mungo and Arumpo. These lakes would fill from the
overflow of the previous lake when its capacity was exceeded, most commonly due to
hydrological changes in the MDB (Bowler, 1976; Bowler et al., 2012). Lake Mungo is linked
by an overflow channel to Lake Leaghur that was only active once the
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Fig. 2.1 A) Murray Darling Basin and location of the Willandra Lakes overflow system (after Stern, 2015). B) Schematic of the Willandra Lakes
Region World Heritage Area (WLRWHA). Water flows from the north east down the Willandra Creek sequentially filling Lakes Mulurulu,
Garnpung, Leaghur, and Arumpo. Lake Mungo is linked into this system by an overflow channel to Leaghur (Bowler et al. 2012).
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latter had completely filled. Lake Mungo represents a terminal, endorheic lake, with no
through-flow of water. This project, however, focuses on the landscape and archaeological
history of the Lake Mungo lunette.

2.1.2 Regional palaeoclimate and present conditions
Palaeoenvironmental records within the MDB indicate substantial changes in the regional
climate over the past 100 ka. Given the geographic position of WLRWHA, such shifts in
palaeoclimatic conditions are likely to be reflected in the region and have a significant
influence of the mode and style of deposition occurring within the Lake Mungo lunette. These
climate proxies are found in the form of fluvial palaeochannels (Kemp and Rhodes, 2010; Page
et al., 1996), aeolian dune fields (Lomax, 2011), speleothem growth periods (Ayliffe et al,
1998) and regional lake level proxies (Long et al., 2014; Long et al., 2018).
Dune building processes in southwestern MDB are more active during cooler glacial periods.
Lomax (2011) found a depositional gap was recorded in the western Murray dune field between
~80–75 ka indicating a time of warmer and more humid conditions. Increased growth in the
speleothem record at Naracoorte caves supports this notion of humid conditions during this
period (Ayliffe et al., 1998). This is followed by the reactivation of the dune from ~ 72–63 ka
indicating a change to cooler climates (Lomax, 2011). A shift back to humid conditions
between 60 and 40 ka ago results in another pause in aeolian dune building in this time period
(Lomax, 2011), which also coincides with continued speleothem growth ~50–40 ka (Ayliffe et
al., 1998). Furthermore, increased riverine activity is recorded in palaeochannels of the
Murrumbidgee from 55–35 ka (Page et al., 1996) and the Lachlan around 34 ka (Kemp &
Rhodes, 2010). This increase fluvial activity in thought to be due to enhanced meltwater runoff
from the Great Dividing Range. This increased fluvial activity is mirrored in the Willandra
Lakes. Geochemical analysis of fish otoliths dating to between ~44 and 35 cal BP indicate
periods of stable lake conditions as measured by consistent δ18O values recorded throughout
their lifespan (Long et al, 2018).
From 38–18 ka, cooler and more arid conditions are indicated by reactivation of dune
building within the western MDB (Lomax, 2011). This shift to more arid conditions between
22 and 19 ka ago is also recorded in the otolith geochemical data from Lake Mungo. Unlike
the older otolith samples, those dating to this time period indicate high salinity levels and
rapidly evaporating lake water (Long et al., 2014). Interestingly, fluvial archives preserved on
the Lachlan and Murrumbidgee Rivers indicate high water throughout this period (Kemp and
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Rhodes, 2010; Page et al., 1996). This indicates that, although there appears to be plenty of
water in the system, this was not reaching the Willandra Lakes. By ~16 to 14 ka Lake Mungo
and the surrounding Willandra lakes had completely dried.

Fig. 2.2 Concentrations of benthic oxygen isotopes reflecting interglacial cycles. Warmer
periods are indicated by higher counts as a function glacial melting. Cooler, more arid
periods are indicated by lower concentrations, as a function of increased evaporation (after
Lisiecki and Raymo, 2005).

The modern climate of the MDB and in particular the Willandra Lakes region is classified
as semi-arid. The mean annual rainfall is significantly less than the mean annual evaporation
which is reflected in the landscape and vegetation. Data from the Mildura weather station (~100
km south west of Lake Mungo) indicates that summer months see temperatures often exceed
40°C while winters reach an average maximum of 15°C. The prevailing winds in the region
are from south to southwest, which impacts local dune- and lunette-forming processes (Brown
& Stephenson, 1991).

2.1.3 Landscape evolution
The Lake Mungo lunette has been the subject of study since the late 1960s and represents
one of the most intensively studied archaeological and geomorphological sites in NSW and
Australia (Barbetti and McElhinny, 1972; Bowler and Price, 1998; Bowler, 1973, 1976; Bowler
et al., 2012; Bowler et al., 2003; Bowler et al., 1970; Fitzsimmons et al., 2014; Fitzsimmons et
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al., 2015; Stern et al., 2013). The crescentic, source bordering dune formed on the eastern flank
of the lake, also known as a lunette, records changes in the associated lake level height as a
function of sedimentological changes of successive stratigraphic units (Bowler et al. 1970).
Running concurrently with this landscape record is a rich record of archaeological traces, with
the ‘Mungo Man’ and ‘Mungo Lady’ burials (Bowler, 1976) – the oldest known burials in
Australia – being one catalyst for the intensive scientific research at Lake Mungo.
2.1.3.1 Dune formation
The Lake Mungo lunette formed on the down-wind (eastern) side of the lake bed in
oscillating lake-full and lake-dry episodes and consists of at least 20% clay (Bowler, 1973).
The lunette is predominantly made up of quartz sand, clay and soil horizons; each reflecting a
change in depositional conditions and water level of the lake (Fig. 2.3). It should be
remembered, however, that the sedimentological changes that are recorded within the lunette
are a reflection of the local climatic conditions within the Mungo basin and that these
conditions may or may not be directly linked with those expressed within the other WLRWHA
lakes or MDB at large.
2.1.3.1.1 Lake full phase
Quartz sand dunes (QSD) are formed by wind transported and deposited fine-grained quartz
sand. At Lake Mungo, this aeolian process occurs when the lake is at capacity (Fig. 2.3), with
high energy beach sands and gravels deposited on the lake shore being deflated to form a dune
(Bowler et al., 2012). Characteristic cross-bedding planes are usually steep and dip away from
the shoreline.
2.1.3.1.2 Lake dry phase
Clays are uncommon in dune facies, with wind action readily transporting these finer
sediments away from the source (Bowler et al., 2012). However, the Lake Mungo lunette
contains pelletal clay dunes (PCD) which are comprised of at least 20% clay, and form as thick
planar beds. PCDs are formed following a reduction in lake-level that subaerially exposes the
fine-grained lakebed sediments (Fig. 2.3). During low lake phases, highly saline groundwater
soaks these clay beds, upon drying, the crystallisation of these salts causes these clays to crack.
Following desiccation, the wind transports these clays as sand-sized clay pellets into the lunette
(Bowler, 1973, Bowler et al., 2012).
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Fig. 2.3 Dune forming processes of; a. lake full phase resulting in QSD, b. lake drying phase
and formation of PCD and c. lake completely dry and development of palaeosol (Bowler,
2002).

2.1.3.1.3 Lake stable
Paleosol development on dune facies occur when there is an interruption in sediment
deposition and stabilization of the dune, making way for pedogenic processes begin (Bowler,
1973) (Fig. 2.3). Pedogenically altered sediments are characterised by abundant bioturbation,
sediment mixing, decalcification of clays and overprinting (Kemp, 1995). These breaks in
sediment supply occur when the lake is consistently full for a prolonged period, or when the
lake is completely dry and becomes vegetated (Bowler, 1973l; 1998).
2.1.3.2 Stratigraphic Framework
The current stratigraphic frameworks of the Lake Mungo lunette were produced by
identifying the distinct sedimentary characteristics discussed in section 1.3.1. Varying slightly
within each lake, the stratigraphy of the lunettes in the Willandra Lakes system have been
summarised into five units through the body of work produced by Jim Bowler (Table 1.) The
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differing textural characteristics of each unit give evidence for environmental variability such
as oscillating wet and dry periods, changing water levels and salinity (Bowler et al. 2012).
2.1.3.2.1 Golgol
Golgol is the oldest unit within the Lake Mungo lunette and it thought to form the core of
the lunettes across the Willandra. It is characterised by calcareous dark red paleosol and lake
sediments comprised of weakly developed pelletal clays and sands (Bowler, 1998). The
calcrete within the soil is often in the form of in situ nodules, indicating the sediment is much
older that overlying units (Bowler 1998). The sedimentology of the Golgol unit indicates that
the development of quartz sand and pelletal clay units as a result of a lake full and drying phase
prior to pedogenesis. The thick soil profile developed within the unit indicates a long period of
stability and lack of deposition before the overlying Mungo unit was deposited (Bowler 1998).
It is difficult to determine an age for this sediment because of its antiquity beyond the range of
most modern dating techniques; however, it has been estimated to be ~140 thousand years (ka)
using both thermo- and optical dating methods (Bowler et al. 1998; Fitzsimmons et al., 2014).
2.1.3.2.2 Lower Mungo
The Lower Mungo unit is dominated by well-sorted clean quartz sands and beach gravels.
In some areas there are long tubular carbonate rhizomorphs which have infilled voids from
decomposed tree roots. The relatively low clay content and the abundance of quartz sands
indicate a stable lake full period depositing high energy beach facies (Bowler, 1998). This unit
is thought to mark the return of fresh water to the lakes and first lake full phase post deposition
of the Golgol, with the presence of freshwater molluscs, such as unionids, sphaerium and
limneids, supporting this inference (Bowler, 1998). The Lower Mungo unit is estimated to have
been deposited 60–40 ka using OSL and radiocarbon dating (Bowler et al., 2012).
2.1.3.2.3 Upper Mungo
The Upper Mungo unit marks a major change in the hydrology of the Willandra Lakes. It is
characterised by grey pelletal sandy clays which directly overlie the sandy dune deposits of the
Lower Mungo. The sub-horizontal beds form as planar features and are overlain by the
development of a red paleosol (Bowler, 1998). Similar to the Lower Mungo unit, carbonate
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2.1.3.2.4 Arumpo
The Arumpo unit is comprised of a complex of sandy clays, with a high abundance on
pelletal clays. Individual planar beds within this unit show a coarsening upwards trend,
indicative of ripple migration over the dune surface. Interruptions within the supply of
sediments to the Arumpo dune are indicated by the presence of several weakly developed
paleosols. This unit is what forms the lower half of the striking structures coined ‘The Walls
of China’ in the main tourist area. The interbedded beach deposits and pelletal clays found on
the western toe of the lunette indicate deposition during oscillating wet and dry phases before
drying completely prior to the deposition of the Zanci unit (Bowler, 1998). Recent studies have
estimated the age of the Arumpo unit to have been deposited between 30–23 ka (Bowler et al.,
2012).
2.1.3.2.5 Zanci
The Zanci unit marks the final stage of clay dune building and final drying phase at Lake
Mungo. It is comprised of well-bedded, sandy pelletal clays which still hold primary
depositional structures. The high salinity of the sediment indicates a low or absent water level
which supports other evidence for a drying phase. A soil has developed on this unit signifying
a dry lake floor and end of dune formation on the lunette (Bowler et al. 2012; Bowler et al.
1970). The Zanci unit has been estimated to be from 23-16 ka (Bowler et al., 2012).

2.1.4 Landscape summary
The Willandra Lakes formed as a series of overflow lakes from a diverging channel of the
Lachlan River, which is one of the major west flowing rivers of the Murray Darling Basin.
Lake Mungo is the only terminal lake in this system, and only filled when Lake Leaghur
reached capacity. The Willandra Lakes are now completely dry and have been this way for
roughly the past 15,000 years.
Bordering the eastern shore of many lakes within the WLRWHA are clay-rich dunes,
commonly called ‘lunettes.’. These lunettes formed on the downwind side of these large lake
basins during times of oscillating lake full and dry lake phases. The changes in the
sedimentology with time provide a record of these changes. Past research has simplified the
complex lunette stratigraphy in to 5 main sedimentary layers that correspond to major changes
in lake level conditions and can, in some ways, be ties to broader regional patterns of climate
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change. The significant erosion that has occurred within the recent past at resulted in the
exposure of an abundance of artefacts, making the Lake Mungo lunette the focus of many
studies in the past due to its rich archaeological record.

2.2 ARCHAEOLOGY
This section will detail the current program under which all archaeological research is
conducted and funded as well as a brief overview of past and present research at Mungo.
Combustion features will then be explored in more detail, beginning with a review of research
and analytical techniques globally before focusing on the history of hearth studies in Australia
and Lake Mungo.

2.2.1 Mungo archaeology project
The research presented in this study is conducted as part of an ongoing collaborative project
known as the Mungo Archaeology Project (MAP). Officially beginning in 2015, MAP is an
ARC funded cross-institutional study focusing on understanding the environmental and
archaeological history of Lake Mungo. Head-quartered at La Trobe University in Melbourne,
the initiative consists of seven Chief Investigators from Australian National University (ANU),
University of Wollongong and La Trobe University. The MAP aims to: a) connect
archaeological artefacts to the directly associated stratigraphy to explore peoples’ response to
changes in landscape, lake levels and ecology, b) develop a consistent and systematic
chronology of human occupation in the WLRWHA, and c) gain insights into how people
survived and lived in an unfamiliar and un-peopled landscape.
Collaboration with Indigenous Elders from the WLRWHA is integral to the success and
validity of this investigation. This collaborative effort aids the research team in making
informed decisions about cultural heritage preservation and providing cultural insight into the
Australia’s first people. The interdisciplinary approach taken by MAP combines environmental
and archaeological sciences to systematically record data and conduct research from varying
perspectives.
Previously, research within the WLRWHA, and specifically the Mungo lunette, that
occurred within different disciplines (e.g., geology, geography, archaeology) were conducted
independently of each other, resulting in disarticulated records and considerable difficulty in
synthesising these records into a cohesive unit. The MAP project is crucial to the longevity of
science and cultural studies at Lake Mungo and the WLRWHA as it provides not only an
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example of how research is undertaken and recorded, but also provides a platform for
collaboration with the Traditional Owners and researchers into the future.

2.2.2 Archaeology at Lake Mungo
The WLRWHA has a rich archaeological record which has been primarily recorded and
investigated within Lake Mungo, due to its abundance and diversity of archaeological traces.
Key to its prominence in the archaeological literature is the antiquity of the archaeological
record. Numerous studies have been made to determine the earliest evidence of human
presence at Lake Mungo (Bowler et al., 1970; Bowler et al., 1976; Gillespie et al, 2000; Bowler
et al., 2003), with age estimates suggesting habitation of the region between 50–55 ka ago
(Bowler et al., 2003). This result places Lake Mungo as one of the earliest sites of human
habitation on the Australian mainland. The archaeological significance of the area is further
reinforced by the having the Australia’s, and the world’s oldest known ritual burial, estimated
to be ~40 ka old (Bowler et al., 2003).
Lake Mungo is also abundant in archaeological artefacts that are being continuously
uncovered and washed away by the highly erosional and dynamic landscape (Stern et al., 2013).
A foot survey conducted in the Walls of China tourist area by Stern et al. (2013) systematically
recorded the spatial positioning of artefacts such as stone tools, grind stones, ochre pellets,
combustion features and burned food remains (bone, shellfish and eggshell). These traces of
human activity were documented in relation to the stratigraphic units of the lunette, most
commonly being Upper Mungo, Arumpo and Zanci. By connecting archaeological artefacts
with the landscape, a picture starts to form of what life might have looked like spanning semicontinuously from ~65 ka to the present (Stern et al. 2013).

2.2.3 Combustion features
A component of this thesis focuses primarily on combustion features recovered from the
Lake Mungo lunette as part of the MAP project. The study of spatial distribution, structure and
contents of these features provide vital evidence of past lifestyles such as use of space,
behaviour, diet, and societal patterns (Mentzer, 2014). Generally considered to have remained
in situ since they were abandoned, the combustion features located in the Lake Mungo lunette
are thought to be fixed points in both time and space. Unlike the easily erodible stone tools and
animal bones, the longevity of these combustion features is attributed to the heating process
that bakes and hardens the underlying sediments, reducing its erosion potential (Stern, 2018,
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pers. comm.). The presence of a combustion technology implies the ability to produce and/or
control fire as well as the need to utilize this technology in the first instance (Goldberg et al.,
2017). As such, these features are thought to record of a single, short-lived, temporally-secure
event, providing high resolution detail into past subsistence strategies and foraging economies.
Studies of combustion features vary in methodology depending on the aims of the research,
environmental context and complexity of combustion technology and distinguishing postdepositional alterations (Berna et al., 2007; Chu et al., 2008). Observational or macro-scale
techniques can be useful when researching combustion features, however much more
information can be gleaned through utilization of micro-scale methods (Mentzer, 2014). These
methods include micromorphology, fourier transform infrared (FTIR) spectroscopy, X-ray
diffraction (XRD), scanning electron microscopy (SEM) and others of which are detailed in
table 2.2 (Goldberg et al., 2017). Goldberg et al. (2017) in their Table 1 outline these geoanalytical techniques in great detail and provides key references.
Although valuable archaeological traces, combustion features vary significantly in their
structural characteristics from site to site. The term ‘hearth’ is loaded with contextual
significance and can mislead the reader by inferring processes that may not be appropriate at
particular sites. Dibble et al (2009) defines a hearth as a remnant of a domestic fire feature that
retains some or most of its structure and original materials including ash and other organics. In
the field hearths are usually identified first by the presence of rubefied material, however it is
not always clear if these materials are in situ let alone resulting from same burning event. In
this instance, the term ‘combustion structure’ or ‘combustion feature’ are more fitting as they
indicate the presence of burnt material however do not imply a particular origin or
anthropogenic input (Mentzer, 2014). In light of this, the term ‘combustion feature’ will be
used for the remainder of this thesis when referring to the rubefied structures sampled from the
lunette.
2.2.3.1 Combustion feature structures and formation processes
In sedimentary section a typical combustion feature usually contains two horizontal layers;
the upper containing burnt residues of combusted fuel, and the underlying combustion substrate
(heat altered surface) on which the burning event occurred (Fig. 2.4) (Mallol et al., 2013). Both
layers record archaeological detail that provide insights into the use of the feature and even
give clues of the surrounding landscape. The formation of the upper layer is entirely dependent
on the type of fuel and how much fuel was used (Mallol et al, 2013). The combusted fuel breaks
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down to form a ‘matrix’ of ash in which the rubified and heat-altered artefacts such as charcoal,
bone, shell and stone are suspended (Goldberg et al., 2009). The structure this layer is usually
unsorted and open porphyric distribution (using the terminology of Stoops, 2003). Research of
burnt residues has focused on topics that include; identification of materials used for
combustion fuel (Goldberg et al., 1994), determining if ash and remaining organics are in situ
using micromorphology (Courty et al., 1989; Goldberg et al., 2009) and determining to what
degree combusted material has been reworked (Courty et al., 1989; Goldberg et al., 2009).

Fig. 2.4 Thin-section of an in situ combustion feature created in an experimental fire (Mallol
et al., 2013). The combustion substrate (CS) is identified by the graded colour change from
mid-brown to black. The burnt residue (BR) sits unconformably over is layer, and is primarily
composed of ash.

Retaining the original depositional structures of the sediment before heat exposure, the
combustion substrate forms a rubefied lens of material beneath the burning surface. The
structure of this underlying layer is dependent on the temperature of the combustion feature,
which dictates the size of the lens and to what degree it is rubefied (Mallol et al., 2013). There
are relatively fewer studies that focus on combustion substrate, however some techniques
include observing magnetic anomalies using magnetic susceptibility (Barbetti, 1986),
determine the degree of radiation damage following heat exposure using thermoluminescence
(Brodard et al., 2012) and detecting molecular changes to mineral constituents during heating
using FTIR spectroscopy (Berna et al., 2007).
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A study conducted in Israel on bronze age clay sediments used FTIR to determine the
potential use of hearths and to what temperatures they may have reached (Berna et al., 2007).
Sediment was collected from each combustion feature of which the clay was measured to
obtain an FTIR absorption spectra – a trace of the chemical bonds exhibited within the crystal
lattice of the clays. Several heated experiments were also conducted in field and in the lab to
determine the change in structure of clay when heated to specific temperatures, to then compare
to the hearth spectra. This thesis uses methods that are closely based of the techniques used in
the research of Berna et al (2007).
Not all combustion features are preserved with these typical dual layer characteristics in
reality, particularly with some subject to reworking either by geogenic and anthropogenic
processes (Goldberg et al., 2009). It is important to identify if burnt residues have been
reworked as it might indicate the material is not in situ of the burning event (Goldberg et al.,
2009). Reworking is most effectively identified using micromorphology, observing the
structure and orientation of the burnt constituents. Geogenic reworking can be identified by
aeolian or fluvial depositional structures such as grading or rippling, in sediment which
includes burnt residues (Goldberg et al., 2017).Experimental research of March et al. (2014)
noted that ash and sand-sized material from the combustion surface is broadly distributed by
aeolian transport. Anthropogenic reworking includes sweeping raking and dumping of burnt
material after the burning event (Fig. 2.6), (Dibble et al., 2009). This can be identified by
unnatural orientation of grains, chaotic enaulic structure and disrupted contacts (Goldberg et
al., 2009). The lack of a rubefied combustion substrate can also indicate transportation of burnt
residues (Mentzer, 2014).
2.2.3.2 Combustion feature studies within Australia
Within an Australian context also, there are very few studies on combustion features and
therefore only a small range of techniques have been tried and tested. Published in 1996,
Richard Robins investigated 9 open hearth sites near Currawinya Lakes in southwest
Queensland (Robins, 1996). Robins remarks that most archaeological research in the area are
predominantly on stone artefact scatters, and that very few age estimates could be obtained as
many features lacked suitable material for radiocarbon dating. Furthermore, those combustion
features where reliable ages could be determined had substantially large errors (Robins, 1996).
A more recent study was conducted on hearths at Riwi in the Kimberly region of Western
Australia (Whitau et al., 2017). Using micromorphological techniques hearths were able to be
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categorized into three different types (Fig. 2.5); flat combustion features, dug combustion
features and thick accumulations of burnt residues. Flat combustion features are characterised
by layering of burnt residue over the combustion substrate, typical of an open hearth. Dug
combustion features can be identified by layers of burnt material cutting through and
interrupting natural sediment. Mixed features are the result of raking or clean out and are
identified by mixing of combustion by-products mixed with unaltered geogenic material. This
study also identified discontinuous occupation of the site over the past 45 ka (Whitau et
al.,2017)

Fig. 2.5 Schematic of types of combustion features found at Riwi. (Whitau et al., 2007)

2.2.3.3 Combustion feature studies at Mungo
In the early 1970’s combustion features at Lake Mungo were included in a broad regional
study of aboriginal fireplaces in south east Australia (Barbetti, 1973). Barbetti used radiocarbon
and magnetic susceptibility to establish a record of geomagnetic intensity fluctuations of the
Earth’s magnetic field within the past 25 ka (Barbetti, 1973). As such, little archaeological
knowledge was obtained from these features, however the first record of diagnostic
characteristics of combustion features was established.
More recently, many combustion features were identified in a foot survey at Lake Mungo
in 2007 (Stern et al., 2013). No study has been published specifically on these features,
although soil micromorphology of three hearths was conducted by Prosser (2015) as part of a
M. Archaeological Science dissertation. This study set out using microscale techniques (SEM,
micromorphology and XRD) to aid in identification of in situ hearth features on the central
lunette. Prosser (2015) concluded that micromorphology in conjunction with XRF were the
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Fig. 2.6 Microphotographs of structures associated reworked hearth material. A) Microfacies
7 of Goldberg et al. (2009). Granular and open structure suggests redeposition through rake
out or sweeping. B) Microfacies 8 of Goldberg et al. (2009). Granular and compact structure
indicative of excessive trampling and bioturbation of redeposited material. C) Fragmented
ash, most likely due to trampling (Dibble et al., 2009)
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most effective in identifying true hearths, however further study of macro-scale features is
necessary to infer archaeological setting. Stone tools are currently the most commonly studied
artefact in the region however they are unreliable to date, often being transported readily across
the lunette. .

2.2.4 Summary
Combustion features are of archaeological significance as they give insight into the lives of
ancient civilisations. Several techniques are used to research these traces, most commonly
being soil micromorphology. There are very few studies that use FTIR to analyse the impact
of heat to the sediment underlying combustion features, either globally or in Australia. Previous
research has established a solid foundational history of both the landscape and archaeology at
Lake Mungo, however these studies have only been conducted exclusively and never as one
cohesive study. This project’s aims and objectives are in conjunction with, and will
significantly contribute to, the ongoing ARC funded Mungo Archaeology Project (MAP) by
providing the first systematic geoarchaeological examination of combustion features within the
WLRWHA.

2.3 TIME
This section will briefly review the previous attempts of providing a chronology for the
development of Lake Mungo lunette as well as reasons they were not successful. More recent
research will then be detailed, introducing the chronological techniques that will be used in this
investigation. Finally a brief summary of optically stimulated luminescence (OSL) will be
provided as well as the benefits of single grain methodology.

2.3.1 Lake Mungo chronologies
Recent OSL dating at Lake Mungo has built a solid foundational chronological framework
of the development of the lunette (Bowler et al., 2003, Bowler et al., 2012; Fitzsimmons et al.,
2014). Previous attempts using alternate methods were not as effective in this environment.
Early research of the Lake Mungo lunette relied upon radiocarbon of charcoal to determine
depositional ages of the lunette stratigraphy (Bowler et al., 1970; Barbetti & Allen 1972).
Ongoing use of this technique resulted in varying depositional ages for sediment in similar
stratigraphic position. This variability was later shown to be due to contamination through high
humic content and few dateable charcoal specimens correctly identified (Gillespie, 1997). Shell
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material proved to be much more reliable, producing consistent dates for the same stratigraphic
units in varying locations, as well as older age estimates when compared to those determined
using charcoal (Gillespie, 1997). However, a review of these chronological controls by Bowler
et al., (2012) summarised that the dates obtained from shell fragments were limited to the
technology available at the time and are now, also, considered unreliable. It must be
remembered, however, that regardless of the accuracy of the radiocarbon date, it does not
directly date the timing of its deposition into the lunette.
Developments in thermoluminescence (TL) dating techniques saw it applied to quartz grains
from the dune as a method of overcoming both the contamination and practical limits of
radiocarbon (Oysten, 1996; Bowler & Price 1998). Bowler and Price (1998) concluded that the
respective ages produced from TL dating of aeolian and lake sediments proved inconsistent,
an issue which was not resolved. Experimental studies had shown that the resetting of the TL
signal using natural sunlight takes a considerable amount of time (Godfrey-Smith et al., 1988).
As such, the prospect of age overestimates due to the partial sunlight-resetting of the TL signal
can not be ruled out for the highly cited TL ages of Bowler and Price (1998).
The use of optically stimulated luminescence (OSL) at Lake Mungo was first deployed in a
study by Thorne et al (1999) that focused primarily on the famous Lake Mungo burials in the
southern end of the lunette. Unlike radiocarbon, OSL directly dates the event of interest being
investigated here; the deposition of sediments onto the lunette surface. Using OSL, Thorne et
al. (1999) dated the Mungo burials to ~60 ka ago. This age estimate was later revised by Bowler
et al (2003) ~40 ka using multi-grain aliquots. The work of Fitzsimmons et al. (2014), as part
of the first MAP ARC-funded grants, focused on developing a better constrained chronology
for the deposition of the Lake Mungo lunette in the central tourist area. Following significant
methodological and technological advances in the field, Fitsimmons and colleagues used the
single-grain OSL technique where the luminescence signal of individual grains of quartz are
measured separately rather than collectively. This single grain approach has also been utilised
in the Joulni region as part of the current MAP project by Jankowski et al., (in prep). On-going
use of this method have continued to produce consistent age estimates, demonstrating the
suitability of Lake Mungo quartz to OSL dating methods.

2.3.2 OSL dating
Optically stimulated Luminescence (OSL) dating is a radiation exposure dating technique
which can be used to estimate the age of sediment, pottery and other heated artefacts. It is the
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process of measuring electron charges trapped within the crystal lattice of a mineral such as
quartz and feldspar (Huntley et al. 1985). Quartz and feldspar are the two types of minerals that
are most commonly used in OSL dating. When sediment is exposed on the lunette surface, the
luminescence signal is reset because exposure to the sun releases the trapped electrons thereby
zeroing the grain. When the sediment is buried and no longer exposed to the sun the
luminescence signal starts to recharge. (Aitken, 1985) This charge accumulates due to ionising
radiation from the surrounding sediment in the form of alpha, beta, and gamma radiation. This
radiation occurs as a decay product of U, Th, K and Rb. Other sources of radiation such as
cosmic and internal radiation must also be taken into consideration when determining the age
(Aitken, 1985; Huntley et al. 1985). To calculate the age of a sediment two variables must be
determined; the equivalent dose (De) measured in Grays (Gy): the amount of radiation need in
the lab to equal natural signal, and the environmental dose rate measured in Gy per unit time:
the rate of radiation flux received by the sample was collected. Once these variables have been
determined the age of the sediment can be estimated using this equation:
𝐴𝑔𝑒 (𝑘𝑎) =

𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝑑𝑜𝑠𝑒 (𝐺𝑦)
𝐸𝑛𝑣𝑖𝑟𝑜𝑛𝑚𝑒𝑛𝑡𝑎𝑙 𝑑𝑜𝑠𝑒 (𝐺𝑦/𝑘𝑎)

The uncertainty associated with both De and Dr calculations are added in quadrature to
determine the relative error of the age estimation (Aitken, 1985). This process is presented as
a formula:

= √(

𝑇𝑜𝑡𝑎𝑙 𝑢𝑛𝑐𝑒𝑟𝑡𝑖𝑎𝑛𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝐷𝑒 2
𝑇𝑜𝑡𝑎𝑙 𝑢𝑛𝑐𝑒𝑟𝑡𝑖𝑎𝑛𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝐷𝑟 2
) +(
)
𝐷𝑒
𝐷𝑟

2.3.3 The benefits of using single grains
The ability to measure the De values of individual grains within a sediment sample is
invaluable at any site, as the depositional history of every grain is rarely uniform. Single grain
OSL dating allows scrutiny and elimination outlying grains that may skew the combined De
value of the sample due to processes of partial bleaching or resetting of the OSL signal; post
depositional mixing; and variation in the amount of beta radiation received over the period of
burial (Jacobs & Roberts, 2007). In the dynamic depositional landscape of the Lake Mungo
lunette, single grain OSL dating has proved effective in eliminating errors associated with post
depositional mixing and more tightly constraining the chronological framework (Fitzsimmons
et al., 2014).
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2.4 SUMMARY
Early attempts of establishing a chronological framework of the Lake Mungo lunette
produced highly variable results. The use of radiocarbon dating of charcoal from residual
hearths proved unreliable when compared to consistent radiocarbon dates obtained from shell
material (Gillespie, 1997). These dates are now considered unreliable however, due limitations
of available technology at the time (Bowler et al., 2012). Advancements in OSL dating using
multi-grain aliquots (Bowler et al., 2003) and then single grain (Fitzsimmons et al., 2014)
demonstrated the effectiveness of this technique due to the suitability of the sediment at Lake
Mungo. Single grain OSL dating will be used in this study to contribute the already established
chronological framework of Lake Mungo.
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3 SEDIMENTOLOGY
This chapter outlines the methods and results from analysis of sedimentary sections within
Gully 14. Textural characteristics of each sedimentary unit (SU) will be detailed using
sedimentological and micromorphological analysis. A stratigraphic framework will then be
presented, along with grouping of compositionally similar SU which mark changing of
depositional inputs.

3.1 METHOD
3.1.1 Sedimentological and stratigraphic analyses
The full length of the Gully 14 was appraised with the aim of selecting appropriate locations
detailed observations. Major sedimentary boundaries, colour and textural changes,
sedimentary features and insipient soil horizons were used to identify suitable locations for
stratigraphic analyses. Suitable sections were selected where: 1) deep sequences of postGolgol stratigraphic units were preserved; 2) new units were encountered for the first time; 3)
previously encountered units were absent (or not preserved); and 4) where the structural
integrity of gully walls was not compromised by severe undercutting. Although a total of 11
sections were identified as suitable, Sections 1–5 were considered beyond the scope of this
project, with Sections 6 to 11 thought to contain corresponding sedimentary units as those
from which the combustion features were excavated.
The spatial location and elevation of each stratigraphic section was recorded using a Trimble
dGPS, with an X-Y accuracy of ~3 cm and z-accuracy of ~6 cm. The positions of the
stratigraphic sections were saved using the GDA 1994 MGA Zone 54 coordinate system, the
same one used for recording the archaeological foot survey. Location of the 6 stratigraphic
sections recorded from Gully 14 are shown in Fig. 3.1.
Gully section faces were cut back to reveal ‘clean’ surfaces that were photographed and the
sedimentology recorded using standard in field methods. In particular, sediment grain size,
sorting and major colour changes were recorded, as well as the relative abundances of
sedimentary features including carbonate nodules, calcrete horizons, gravels, rootlets,
rhizomorphs, bioturbation, degree (or lack of) induration, sedimentary structures and the
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nature of boundary contacts. Using the recorded sedimentary log for each section, a
stratigraphic framework was constructed for the 6 sections under investigation in this study.

Fig. 3.1 Aerial map of Gully 14 with dGPS locations of sedimentary sections.

3.1.1.1 Sediment block collection
Sediment block samples were collected to provide fine scale detail of the sedimentological
context and support for infield interpretations. Following in field sedimentological analysis
and recording, intact and orientated sediment block samples were collected from each
stratigraphic section (Fig. 3.2). These samples were used for both micromorphological thin
section analysis (see Section 3.1.2) and OSL dating (see Chapter 4). Blocks were selectively
located across stratigraphic boundaries or features of interest. By locating the block in this
way a better understanding the palaeoenvironmental conditions at play during the time of
deposition could be obtained. The blocks were excised from the section using a serrated knife
and measured ~15 cm wide by 20–30 cm in height and had a depth of ~10–15 cm. The
exterior of the block was then secured with plaster bandages prior to removal (Fig. 3.3). The
back side of the block was then wrapped in tissue paper before being secured with brown
packing tape and transported to the University of Wollongong for further analysis.

3.1.2 Soil micromorphology
Soil micromorphology is defined as the study of undisturbed soils or sediments with
microscopic techniques (Stoops, 2003). Furthermore, this technique provides a means of
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Fig. 3.3 Section 11, showing the process of collecting sediment blocks from gully sections.
Here, Block 1 (Top) remains in situ prior to removal. The lower block (Block 2), located just
above the top of the 1m tape measure, has already been removed.

identifying the overall composition of the sediment, its structure, constituents, spatial
relationship to one another, and how the sediment has been altered over time (Stoops, 2003;
pg 5). By analysing the microscopic orientation and sedimentary fabrics a more detailed
understanding of syn- and post-depositional processes can be determined. For this study, it is
the ability to distinguish original depositional features from post depositional processes
(Goldberg & Macphail, 2006), that will provide the largest benefit, with respect to examining
the physical structure of the sedimentary units.
3.1.2.1 Sample preparation
All sediment block collected from Gully 14 sections were prepared in the following way.
After subsampling for OSL dating under red light conditions, the sediment blocks were dried
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in a low temperature oven at 60 °C. Removal of water was important otherwise the resin
would fail to set. Given the low moisture content within the sediments, blocks only required
drying for 1–2 weeks. Once dry, the blocks could then be impregnated with polyester resin.
A mixture of polyester resin to styrene monomer was mixed to reduce the viscosity of the
resin in a 7:3 ratio. The lower viscosity allowed the resin to more easily impregnate into the
centre of each block. The polymerisation reaction was aided with the use of 2-butanone
peroxide (C8H16O4) catalyst at ~0.05% resin:styrene volume. The use of such small quantities
of catalyst meant that the reaction occurred over ~1 week to allow full impregnation and to
prevent sediment disturbance.
Resin was poured into leak proof containers holding the orientated and dried sediment block
samples. All pouring was conducted under a fume hood. The first pour half filled each
container and then allowing the resin to wick into the sediment block. This process was
repeated increasing the depth of resin with each pour. The final pouring (covering the block)
was made only once the resin was seen to permeate through the top of the resin block. The
samples were then left to cure under the fume hood until solid. Once solid the blocks were
transferred to a 60 °C oven for ~1–2 weeks.
The resin impregnated blocks were then cut into thick slabs using a rock saw. These slabs
measured ~5 by 7.5 cm in area (the size of large format thin sections) and had a depth of ~1–
2 cm. The thick slabs were labelled and sent off for thin section processing to Spectrum
Petrographics, Vancouver, Washington State, USA. This procedure returns thin sections ~5
cm by 7.5 cm and ~32 µm thick.
3.1.2.2 Thin section analysis and description
Thin sections (32 µm thickness) were analysed using an Olympus BX51 polarizing binocular
microscope. Analyses were conducted under both plain and cross-polarised light (ppl and xpl,
respectively) at between 20x and 400 x magnification. High-resolution photomicrographs
were taken using an ‘Infinity-1’ 1.3 megapixel colour digital camera. Thin sections were also
scanned using a Canon flatbed scanner at 1000 dpi for macroscale observation.
The composition of the thin sections were investigated using the procedure outlined by
Goldberg & Macphail (2006). Here, each thin section was viewed without magnification and
related back to the macroscopic observations made in the field or laboratory, before a
preliminary examination was conducted focusing on areas of interest. A detailed description
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and observation of each thin section was then produced using the terminologies presented in
Stoops (2003) and Courty et al. (1989). Of particular note, for thin section descriptions, fine
fraction refers to those grain sizes that are less than the thickness of the thin section (i.e, 32
µm) with coarse fraction referring to those clasts larger than this value. Following
description, the results were tabulated and high-quality photographs of key features collected.
Using these data, interpretations of key features evident within each slide and depositional
histories were then made.

3.2 STRATIGRAPHY RESULTS
Below I present the stratigraphic framework developed for the development of the lunette
based of the macro- and micro-scopic sedimentological results from Gully 14. As discussed
earlier, previous research delimited the stratigraphy of the Lake Mungo lunette into five main
units; (Table 2.1). Here, however, I avoid using these formalised names at the moment
referring to them instead as stratigraphic units or SUs. In using this nomenclature, I avoid the
complications

associated

with

using

terms

that

have

come

to

mean

specific

palaeoenvironmental conditions and time periods.
The stratigraphic framework developed here is subdivided into 9 SUs and is shown
graphically in Fig. 3.4. This framework shows the sedimentary units steeply dipping west
towards the lake floor before levelling and rounding out at the top of the gully. Stratigraphic
units vary in thickness and morphology. SU2 and SU3 have a relatively uniform thickness in
the lower three sections (6,7,11) before SU2 pinches out at the crest of the dune. These units
are dominated by quartz sands and collapsing clay aggregates. SU4, in contrast, is much
thinner at the base of the gully and thickest at the crest of the dune. SU5 is thickest in the
centre of the gully, thinning out at either end. These units are dominated by pelletal clays.
SU6 does not outcrop at the crest of the dune having been eroded away. It is, however,
observed at the base of the residual above the gully underlying SU7 and SU8. SU6 and SU7
contain a combination of pelletal clays and quartz sand. A detailed description of the macro
and micro-sedimentology for each SU is given in Table 3.1 with the major characteristics
outlined below.
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Fig. 3.4 Stratigraphic framework developed for Gully 14. Section 10 is located in the correct horizontal position in relation to the remaining
studied section but offset vertically by -5 m. Circles denote the position of OSL samples and are coloured according to their associated
stratigraphic unit.
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of these nodules have a pale outer ring of lighter brown which gives evidence of
dissolution of calcite. Fine fraction in some areas is matrix made from collapsed clay
aggregates, it is red-brown in colour and has a crystallic b-fabric. It is often broken
into a crumbly texture including vughs, channel and chamber voids due to
bioturbation. Some quartz grains have thin, iron-stained clay coatings that are semicontinuous. In Section 11 some grains have extremely thick red clay coatings that
have a distinct extinction angle. There are also some extremely brick red iron-stained
rounded quartz grains. Pedo-features include depletion hypo-coatings in voids which
appear needle like and fibrous (2-3 um long). There are also carbonate growths in
voids and grain coatings. Manganese and iron oxide staining concentrated around
clay aggregates.
SU4

Very fine to fine sandy clay in at base of dune

Poorly sorted fine to coarse quartz sand with rounded clay aggregates. Quartz is

moving into light pink, coarse quartz sand with

much coarser at the lower and upper contacts but is much finer at the centre. Close

some clay at dune crest. Lower half abundant

fine enaulic to double-spaced fine enaulic and toward upper contact single-spaced

with carbonate tubules, pink carbonate nodules.

equal enaulic. Fine fraction consists of thick clay coatings on quartz grains with

Coarser material at crest of dune which fines to

yellow birefringence is xpl. There are carbonate growths on void walls in the finer

medium

material but disappear toward the upper contact.

at

upper

contact.

Some

poorly

Aeolian

developed laminations and base of unit.
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SU5

Fine, white, sandy clay with massive structure.

Course component consists of fine sand sized quartz grains at base of unit, which are

Heavily bioturbated, rootlets infilled with red-

sub-angular to sub-rounded (double spaced porphyric). The fine fraction in the lower

orange sediment. grades from white at the base

half of the unit consists of a clay matrix with speckled b-fabric which is capped by

to buff brown at upper contact.

graded then limpid clays with sharp extinction angle and yellow birefringence in xpl.

Aeolian

These clays have been bioturbated and cracked. Top half of slide much coarser
material, still dominated by pelletal clays however not collapsed (double spaced
equal enaulic), some graded clays present however thin. Rip-up clasts of limpid
clays.
SU6

Multiple layers of fine clayey sands, each

Poorly sorted sub-angular to sub-rounded very fine to medium clayey quartz sand.

Aeolian/

coarsening upward. Planar bedding and weak

Becomes finer and more abundant towards top of unit (enaulic, complex packing).

sheetwash

soil development evident. An abundance of

Fine sand sized pelletal clays mid brown in colour, sub-angular to sub-rounded and

pelletal clays.

poorly sorted. There are also some extremely iron-stained rounded quartz grains.
Thin yellow clay coatings around quartz, discontinuous.

SU7

Well-bedded, fine to medium pink sand and

No thin sections

Aeolian

No thin sections

Alluvial

pelletal clays. Fining upward trend and well
defined primary depositional features present.
Sediment is friable and loose.
SU8

Multiple layers of fine to medium sands and
silts. Well-developed laminar crossbeds dipping
towards lake.
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3.2.1 Stratigraphic Unit 1 (SU1)
SU1 is at the base of sections within the gully (Table 3.1, Fig. 3.7) therefore we are not able
to determine its true thickness. However, it ranges from 0.75 to 1.70 m in outcrops, with the
thickest outcrop found in Section 11. The unit is characteristically dark red in colour and
composed of massive, clayey, fine to medium sand. Throughout this unit are white, rounded
calcium carbonate nodules up to 2 cm in length, which have precipitated within voids formed
by roots. Some of these rhizomorphs have remained in situ and stained pink from the
surrounding red sediment. There are mottles of pink throughout the unit that are thought to be
precipitated calcium carbonate. Also in this lower section are black flecks of manganese
oxide. Towards the middle of this unit are a series of ~10 cm thick deposits of calcrete. There
are significantly less carbonate in the form of nodules or rhizomorphs towards the upper
contact of this unit. No blocks from this unit were analysed as part of this thesis.

3.2.2 Stratigraphic Unit 2 (SU2)
SU2 consists of pink-brown, medium to fine clayey sands (Table 3.1, Fig. 3.7). Rounded
carbonate nodules (3–7 cm) are abundant at the base of this unit and become smaller and less
prominent moving towards the upper contact. These nodules are stained pink with iron
oxides. The micromorphological analysis shows a clast-supported structure of sand-sized
grains of poorly sorted quartz sand and iron-stained clay aggregates (Fig. 3.5).

Fig. 3.5 Microphotograph of SU3 in ppl. Rounded iron stained clay aggregates (CA) and quartz
(Q). Voids (V) resulted from bioturbation.
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These aggregates are thought to be sourced from the reworking of the underlying SU1 unit
rather than being deflated from the Mungo lakebed, as argued by Jankowski et al. (in prep).
These clay aggregates have a calcitic crystallic b-fabric, indicative of a high carbonate
content (Fig. 3.5). Some of the finer aggregates appear to be undergoing decalcification and
partial collapse resulting is a dusty clay fine fraction filling some of the complex packing
void space (Fig 3.5). Similar iron-stained fine fraction is also found surrounding the larger
quartz grains. The upper contact of this unit is diffuse, indurated and heavily bioturbated.

3.2.3 Stratigraphic Unit 3 (SU3)
SU3 is also a clayey, fine to medium sand. The base of this unit is red-brown in colour with
pink mottled (carbonate) patches. Moving upwards, the sediment becomes more mid- to darkbrown (Fig. 3.7). The coarse fraction consists of poorly sorted quartz sands and iron stained
clay aggregates (Fig. 3.6) (Table 3.1).
Unlike the underlying SU2, the clay aggregates in this unit have more completely decalcified
as evidenced by the pale-coloured reaction-rims of these grains under cross-polarised light
(xpl) (Fig. 3.6D). These decalcified aggregates have subsequently welded together forming a
porphyric (matrix-supported) structure (Fig. 3.6A). In some places, the fine fraction forms
semi-continuous, limpid clay coatings of voids indicative of clay collapse and illuviation
(Fig. 3.6B and D). White rounded carbonate nodules are evident at the base of this unit that
range from 1–3 mm in length. These nodules become finer with height and eventually. White,
infilled rhizomorphs, similar to those in SU1, are observed in the field, but are not as wellindurated (Fig. 3.6). In thin section, these features are associated with calcite depletion hypocoatings in association with channel void space, both indicative of rootlet activity. The
presence of chaotic, crumby and open textured fabrics are found throughout thin sections
from this unit, indicating substantial bioturbation.
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Fig. 3.7 Section 7 sedimentary units from the bottom up. SU1: dark/ little to no original
depositional structure (upper contact at top of tape measure), SU2: pink with carbonate
nodules, SU3: mid-brown/no diffuse contact with SU2, SU4: extremely thin pink deposit
above SU3, SU5: pale grey/ white grading into buff brown. SU6: the grey unit. SU7: the
uppermost unit.
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3.2.4 Stratigraphic Unit 4 (SU4)
The texture of SU4 is much coarser than the underlying units. Field observations indicated it
is composed of medium, pinkish-red sand (Fig. 3.10), with poorly developed bedding
structures (planar beds) and an erosive scour at the lower contact. Micromorphological
analysis shows the coarse component is equally composed of quartz sands and Clay
aggregates (Fig. 3.8). These clasts are both medium to coarse sand in size but fine upwards
slightly towards the upper contact. (Table 3.1). Different from the iron-stained clay
aggregates found in the underlying units, the clay aggregates observed here are oxidised and
lacking the strong carbonate impregnation. Jankowski et al. (in prep) posits that these clays
are most likely derived from the Mungo lakebed. The presence of shell fragments, the first
appearance of these clasts in Gully 14, supports this notion.

Fig. 3.8 Microphotograph in ppl of SU4, showing equally dominant components of quartz (Q)
and clay aggregates (CA).

3.2.5 Stratigraphic Unit 5 (SU5)
SU5 is composed of a very fine to fine sandy clay. There is a substantial change in colour
towards the centre of this unit moving from a buff to a mid-brown although without a
significant change in the overall sedimentological texture (Fig. 3.7). The upper portion of the
unit is, however, heavily bioturbated, with rootlets observed throughout being infilled with
orange sands. Thin sections show a gradual shift away from a clast-supported, poorly-sorted
quartz and pelletal clays with complex packing voids at the base of the unit to an increasingly
porphyric (matrix-supported) sediment as the pelletal clays become increasingly fused toward
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the upper contact of the unit. Punctuated throughout the thin sections coming from this unit in
Section 7 are a series of finely laminated, silty clay beds that grade up to limpid clays (Fig.
3.9). These limpid beds show distinctive, uniform extinction angles under xpl. These beds are
then overtopped with clast-supported sediments containing rip-up clasts of this limpid clay
material (Fig. 3.9).

Fig. 3.9 ppl and xpl microphotographs showing fragmented clay beds overlain by enaulic
structure of quartz (Q) and pelletal clays (PC). Limpid clay (LC) has a dark birefringence in
xpl. Fractuing of clay beds idicative of bioturbation.

3.2.6 Stratigraphic Unit 6 (SU6)
In the field, SU6 is comprised of very fine to fine grey clayey sands deposited as individual
planar beds that collectively form composite, flat-lying dunes. These dunes are ~30 cm in
height, reach up to ~1 m in length, and have erosive lower contacts. Weak soil development
occurs intermittently becoming more prevalent towards the upper contact. Concave-up lenses
of well-sorted clay bands periodically occur throughout the dune sequence, located mainly in
the swales between dune crests.

3.2.7 Stratigraphic Unit 7 (SU7)
SU7 is comprised of fine to medium quartz sand. The sediment is well bedded, with fine
laminations preserved, and fines upwards the upper contact. The base of the unit is slightly
indurated and there are evident scours at the lower contact. There are modern rootlets
throughout the unit however they are more abundant at the upper contact. Although only
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recorded in the stratigraphy along Gully 14 in the residual above the gully, it is often found as
thin eroded caps across the top of the underlying SU6.

3.2.8 Stratigraphic Unit 8 (SU8)
SU8 comprised of multiple layers of fine to medium silty sands. The yellow sediment forms
well developed laminar cross beds that dip steeply towards the lake. The base of the unit is
extremely loose and there is evidence of scouring.

Fig. 3.10 Sedimentary contacts in Section 9. SU1(carbonated red material) ends just below
upper block sample. Contact between SU3 and Su4 is observed in the centre of upper block
excavation. The upper contact of SU4 is shown at the top of the section where SU5 just
outcrops.
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3.3 SUMMARY
The stratigraphic framework presented in this chapter consists of 4 broad phases. The oldest
phase is represented by the calcareous red sandy soil of SU1, which is inundated by carbonate
rhizomorphs. This unit is pedogenically overprinted, making it difficult to determine original
depositional features. The next phase is marked by the deposition of SU2 and SU3, which are
characterised by pedogenic features and iron staining of carbonate nodules and clay
aggregates. The increase pelletal clays and lack of iron staining in SU4 – SU7 marks the next
depositional phase. These units also contain an increase of shell material. The final phase is
represented by SU8, consisting of laminated sands inundated with modern rootlets. With this
stratigraphic framework established, I now present the OSL dating method and results to
provide chronological context for the development of the lunette in Gully 14.
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4 OPTICALLY STIMULATED
LUMINESENCE
Optically stimulated luminescence (OSL) is ideal for dating sediment at Lake Mungo,
especially with advances in single grain methodology which help to constrain the existing
chronological framework. Using light-safe subsamples from the collected blocks, OSL dating
will be used to determine the age of deposition the units found in Gully 14 and the hearth
blocks. These age estimates will be used to tie the hearth features into the stratigraphy of the
lunette and wider depositional context of Lake Mungo.

4.1 METHODS
4.1.1 Sample preparation
The preparation of samples for OSL dating were sub-sampled from the excavated sediment
blocks is detailed above in section 5 and 6. To determine the equivalent dose the quartz grains
need to be prepared specifically to avoid contamination and zeroing events. The blocks were
subsampled under red light conditions to preserve the OSL signal. The outer 2–3 cm of lightexposed sediment was removed from the outer surface and put aside for dosimetry. The
unexposed sediment beneath was collected and sieved to a grain size fraction of 212–180 µm.
The sample was treated with hydrochloric acid to remove any carbonate then etched using
hydrofluoric acid to remove the outer alpha-irradiated rind of each grain.

4.1.2 OSL instrumentation
All OSL measurements were conducted using the same Risø OSL/TL DA-20 reader fitted with
a single grain attachment. Individual grains of HF-etched quartz were arranged into 100 holes
300 µm in diameter and 300 µm in depth arranged in a 10 x 10 grid on a 9.7 mm-diameter
single grain aluminium disks. These disks were placed on a carousel with a space between each
disc to reduce the amount of cross talk during irradiations (Bøtter-Jensen et al., 2000; 2003).
Irradiation of samples in the laboratory was conducted using a calibrated 90Sr/90Y β-irradiator
attachment delivering Dr of ~4.3 Gy/min.
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Optical stimulation of the grains was achieved through the use of a 10mW 532 nm (green) Nd:
YVO4 solid-state diode-pumped laser that is manipulated using mirrors within the instrument
to a precision of ~3 µm. The laser can be fixated to a particular spot with a diameter of around
20 µm and delivers ~50 W/cm2 of power (Bøtter-Jensen et al., 2000). The luminescence signal
was then recorded using an EMI 9635Q photomultiplier tube fitted with U340s filters which
prevents the transmission of the green stimulation wavelength while allowing the luminescence
to be detected.

4.1.3 Equivalent dose measurement
The equivalent dose of each sample was measured using the single aliquot regenerative-dose
(SAR) procedure to construct dose-response curves for each individual grain. The SAR
procedure involves comparing the natural dose OSL signal to those coming from regenerative
doses administered in the laboratory. After irradiation either in nature of within the OSL reader,
the disks are heated to 180 °C for 10 s to release all unstable low temperature traps and isolate
OSL traps. Prior to OSL measurement, the discs are heated to 125 °C to ensure that no electrons
are re-trapped within the 110 °C TL peak during the stimulation process (Wintle & Murray,
1998). The OSL measurements were made using a green laser at constant power (90%) for 2
s, causing the rapid decay of luminescence. A standardised beta irradiation, or test dose, of 10
Gy was then given to monitor any changes in OSL sensitivity that occur as a result of repeated
heating, irradiation and stimulation throughout the SAR procedure (section 4.1.3.1). Following
test dose irradiation, the disk is then preheated to 180 °C and held for 5 seconds before being
stimulated again in the same way as the natural or regenerative doses to complete 1 SAR cycle.
Once the natural dose has been measured, the SAR procedure was then repeated using
regenerative doses of 30, 60, 90, 0 and 30 Gy.
A dose response curve was then built using the natural (LN), regenerative (RX) and test dose
(TN or TX) OSL measurements. The OSL signal was selected as the first 10 channels (0.2 s) of
the optical decay with a background contribution, taken as the average of the final 15 channels
(0.3 s) of stimulation time, subtracted. Sensitivity-corrected OSL signals were then calculated
by dividing the natural or regenerative dose by their respective test dose signals. The
sensitivity-corrected signals are then plotted against dose to produce the dose-response curve.
The sensitivity-corrected natural signal was then be plotted onto the y-axis, projected onto the
dose response and interpolated onto the dose axis where the intercept equals the equivalent
dose.
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4.1.3.1 Dose recovery test
To check that the SAR procedure outlined above was able to accurately measure the D e from
individual quartz grains, a dose recovery test (Murray & Roberts, 1998) was conducted.
Previous research using single grain OSL dating at Lake Mungo used a preheat combination
of 260/160 (Bowler et al., 2003; Fitzsimmons et al., 2014). More recent work as part of the
MAP project has shown that a preheat combination of 180/180 was optimal (Jankowski et al.,
in prep) for samples coming from Gully 10, with a measured-to-given dose ratio (0.99 ± 0.02)
consistent with unity at 1σ and an overdispersion value 5 ± 1%. To determine the optimum
preheat combination for the Gully 14 samples, both combinations were investigated using a
dose recovery test.
Here, a small subsample of quartz from JOUL17-G14-702 was bleached in natural sunlight for
several days before being stored under red light conditions prior to measurement. The grains
were given a ~30 Gy beta irradiation that acted as an unknown quantity and the SAR procedure
then used to try and recover this dose. The results of the dose recovery test are presented in
Table 4.1. The distribution of absorbed beta dose is graphically displayed as a radial plot, for
more details of this display technique see section 4.2.3.1. The preheat combination of 260/160
gave a measured-to-given dose ratio of 1.02 ± 0.02 and the majority of grains falling with in
the 95% confidence interval (grey band) (Fig 4.1). The 180/180 combination used in current
MAP research shows a measured-to-given dose ratio of 0.96 ± 0.02, with a similar distribution
(Fig 4.1). These results show that both preheat combinations used in previous studies give
measured-to-given dose ratios consistent with unity at 2σ, meaning that either can be used to
measure the natural dose received during burial. The 180/180 combination, however, was
chosen for this study to keep the measurement procedure systematically similar to that used for
all OSL coming from the Joulni region measured as part of the MAP project (Jankowski et al.,
in prep).
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260/160 – Test dose: 10.0 ± 0.2 Gy

180 /180 – Test dose: 10.0 ± 0.2 Gy

180 /180 – Test dose: 19.9 ± 0.4 Gy

180/180 – Test dose: 39.9 ± 0.8 Gy

180/180 – Test dose: 79.8 ± 1.6 Gy

Fig. 4.1 Radial plots for single grains of JOUL17-G14-702, showing resulting overdisperion
of dose recovery tests. The first two radial plots show the results of testing preheat
combinations (260/160 – 180/180). The remaing plots shows the resulting overdispersion
with an increased test dose
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Studies have recommended that the size of the test dose remain small relative to the size of the
expected De (~10–20%; Roberts et al., 1999; Murray and Wintle, 2000). However, given that
studies have shown that most grains are rejected from the De dataset because the TN signal fails
to be more than 3σ the respective background, increasing the size of the test dose might be one
way of increasing the number of accepted grains per sample. To test this, we used the 180/180
preheat combination and varied the size of the test dose. The results of these tests are also
presented in Table 4.1 and displayed graphically as radial plots in Fig. 4.1. The test dose of
19.9 ± 0.4 gave a measured-to-given dose ratio of 1.03 ± 0.03 with an over dispersion of 7.5 ±
1.5%. A test dose of 39.9 ± 0.8 Gy yielded measured-to-given dose ratio of 1.05 ± 0.03 Gy and
an over dispersion of 5.9 ± 1.5 %. Finally, a test dose of 79.8 ± 1.6 Gy was given, with a
measured-to-given dose ratio of 0.94 ± 0.04 and over dispersion of 19.3 ± 3.1%. Given the high
overdispersion values of the larger test doses, it was found that there is no advantage for our
samples in increasing the size of the test dose. Therefore, a test dose of ~10 Gy was be used
for all samples.
4.1.3.2 De determination
Using Analyst v. 4.53 software, De values were calculated for each grain by fitting a curve
using the natural OSL signal and regenerative doses of the SAR procedure. When determining
the De there are uncertainties associated which have been estimated by considering the
following components. A systematic error of 2% is estimated for all samples for uncertainty
associated with instrumental reproducibility. This is based on studies where samples are
repeatedly irradiated and measured to test the consistency of the returned values (Jacobs et al.,
2006). The uncertainty associated when measuring Lx/Tx ratios must also be considered and
have been constrained by the intensity of the OSL signal and propagated in quadrature (Duller,
2007). Finally after these uncertainties have been calculated curves were fitted using the Monte
Carlo method (Yoshida, 2003). Systematically, curves were repeatedly fitted to the dose
response points to fine the most likely fit. An estimated standard deviation can then be made
when calculating the De value of the combined sample.
Grain analysis was conducted both manually and using R analyst software, to check
consistency. Table 4.2 displays the comparison between both analysis. There was little
variation between the total De values, with comparative ratios ranging from 93 ± 0.07 to 1.06
± 0.04. however the De distributions produced by R analyst were slightly more overdispersed
with comparative ratios by 0.65 ± 0.06 % to 1.17 ± 0.11.% R analyst incorporates additional
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counting statistic errors associated with the specific average dark counts and photon counts
associated with the photo multiplier tube. For this reason, the De values produced from R are
used in this study.

4.1.4 Environmental dose measurements
Environmental dose rate refers to the natural background radiation that the quartz grains were
exposed to over the period of burial. The radioactivity experienced by the quartz grains is
comprised on both internal and external components. The internal component is comprised on
an alpha particle dose form the inclusion of U and Th impurities within the crystal lattice. The
external components are comprised of alpha, beta and gamma particles coming from the decay
of U, Th and K in the surrounding sediments (and their respective daughter radionuclides,
where applicable). The external alpha contribution is removed through the HF-acid etching
process. Finally, a contribution from cosmic rays needs to be accounted for along with the longterm average sediment moisture content.
4.1.4.1 Internal alpha dose rate
The internal dose rate of the quartz grains, caused by impurities, must also be considered and
is assumed by using known values. An internal alpha dose rate of 0.03 Gy ka-1 was assumed
for all samples and is based upon measurements conducted by Bowler et al. (2003) using quartz
grains from Lake Mungo.
4.1.4.2 External beta dose rate
The external beta dose was calculated using low-level Geiger-Muller beta counting. The dried
dosimetry samples were first ground up to a powder and placed into three separate 25 mm
diameter pots. These were left to rest for two weeks to allow for the ingrowth of daughter
nuclides. The 3 replicate subsamples were placed into a GM-25-5 Beta counter along with a
known standard (for which the beta dose rate is known) and MgO blank to determine
instrumental background. The samples were counted for 24 hours, recording a beta count per
hour. The beta dose rate was then corrected for beta particle attenuation (Brennan, 2003), HFetching (Bell & Zimmerman, 1978) and long-term moisture content (Nathan & Mauz, 2008).
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4.1.4.3 External gamma dose rate
The gamma dose rate was measured in the field using a portable gamma. A 5 cm diameter hole
was augured into the sediment then the spectrometer was inserted and left to record the gamma
count for 30 minutes. The spectrometer was calibrated using Oxford University calibration
blocks and an uncertainty of 2.5% was applied due to past reproducibility experiments.
For samples that did not have in-field gamma spec recording, thick source alpha counting
(TSAC) was used to calculate the gamma count (Aitken, 1985). Using the dried homogenous
powder detailed above for beta dose rate, the sample was pressed into a 50 mm diameter pot
and placed in the TSAC for alpha counting. TSAC counts the concentration of U and Th, by
combining these counts with the measurements recorded from the beta dose rate a gamma
concentration can be calculated.
4.1.4.4 External cosmic dose rate
The external cosmic dose rate estimated using equations of Prescott and Hutton (1994), taking
into consideration current sediment thickness, sediment density, altitude and geomagnetic
latitude of site.
4.1.4.5 Water content measurement
A portion of the gamma and beta dose rates are absorbed by water within the sediment. As a
general rule, an increase in water content by 1% results in a similar decrease in the total
environmental dose rate and a subsequent increase in the estimate age also by ~1%. As such,
the present and long-term average moisture content need to be determined and estimated to
correct for this effect. Current water content was determined by first weighing the lightexposed dosimetry samples, drying them in a 100 °C oven and then remeasuring to determine
the percentage water lost per unit volume of dry weight. The water content measured from
samples in Section 6 range from 2.1% at the base (SU2) to 3.9% at the top in SU6, Section 7
ranges from 3.5% (SU3) to 5.6% (SU5), Section 8 from 4.9% (SU3) to 2.6% (SU4), Section 9
from 3.1% (SU3) to 2.9% (SU4), Section 10 from 3.6% (SU6) to 6.8% (SU7) and finally
Section 11 from 2.5% (SU2) to 3.8% (SU3). These values were then used in considering the
long term average water content experienced over the period of burial. An average water
content of 5% was assumed for all samples, with an uncertainty term of 40% at 1σ (i.e., 5 ±
2%). The water content range at 2σ (1–9%) was thought appropriate to capture the likely range
of values experienced over the period of burial for the Gully 14 samples. All external dose rate
components were corrected for the effect of water content using the equations presented in
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Aitken (1985) and Nathan & Mauz (2008). The environmental dose rate was the calculated as
the total sum of each of these components with all random and systematic uncertainties added
in quadrature.

4.2 OSL RESULTS
In this section the results of the preceding methods will be presented for the sedimentary units
in Gully 14. Firstly the grain rejection process will be detailed in conjunction with a summary
of all measured grains and the criteria in which they were sorted in to well-behaved and poorlybehaved OSL characteristics. After the poorly-behaved grains have been removed, the
calculated De values for the accepted grains are presented as radial plots and an explanation
given for how these De values were combined for age calculation. The calculated
environmental dose rates for each sample are then presented. Finally, the OSL age estimates
and a Bayesian model for Gully 14 are outlined.

4.2.1 Grain Rejection
Before determining the De of each sample, formal rejection criteria must be applied to remove
grains that are not suitable for luminescence dating. Studies have shown that there is large
variability in OSL behaviour between grains within the same sample, with the vast majority
not providing an accurate, or reliable, estimate of dose received over the period of burial
(Duller, 2004; Jacobs et al., 2003). These poorly-behaved grains need to be removed prior to
combining the individual De values for age estimation. Table.4.3 displays a summary of the
number of grains measured per sample, and details the reasons they were rejected. These
criteria are based upon those formalised by Jacobs et al. (2006). These criteria include: 1) The
OSL signal on the test dose following the natural failed to be more than 3σ above the respective
background; 2) the relative standard error for the test dose following the natural signal was
greater than 20%; 3) the recycling ratio deviated by more than 2σ above or below unity; 4) the
sensitivity corrected OSL signal failed to intercept the dose response curve; 6) the sensitivity
corrected OSL signal for the 0 Gy dose was greater than 5% of the natural signal; and, 6) the
IR depletion ratio fell more than 2σ below unity.
Of the 22 samples collected from Gully 14, 10300 individual grains were measured for
luminescence dating, with the number of measured grains ranging from 300 to 500 per sample.
Of those grains measured, 6476 grains were rejected using a formal rejection criteria outlined
above leaving a total of 3824 accepted grains, equating to ~37% on average. Table.4.3 shows
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that the majority of the grains were rejected due to the brightness of the test dose following the
natural signal failing to measure over 3σ that of the background. Most samples are consistent
in the amount of grains rejected by each criteria, however there are a few outliers. A
considerable amount of grains from sample JOUL17-G14-901 were rejected by the recycling
ratio when compared to other samples. Also samples from older SUs have more grain rejections
from IR depletion ratio.

4.2.2 OSL characteristics
4.2.2.1 OSL decay curves
Optical decay curves for two grains from sample JOUL17-G14_1001 displaying two different
decay rates are shown in Fig. 4.2. Example A in Fig. 4.2 represents the majority of grains
measured and shows a rapid decay of signal within the first few seconds of stimulation to a
steady background. This is characteristic of quartz from Lake Mungo. Not all grains decay at
the same rate, the grain in Fig. 4.2A takes ~0.4 s to decay to the constant background, whilst
some grains take ~0.2 s and others ~1 s. Example Fig. 4.2B shows a grain with a much slower
decay, reaching the constant background at ~1.8 s.
4.2.2.2 Dose response curves
Dose response curves, examples shown in Fig. 4.3, were fitted using either a single saturating
exponential function or a combination of linear and exponential function. The sensitivity
corrected natural OSL signal was interpolated on the dose response curve to determine the
equivalent dose shown with a red line. Example A) in Fig. 4.3 shows an acceptable dose
response curve, the natural signal intercepts the curve within the regenerative doses and an
equivalent dose can be determined. The natural signal in example B) (Fig. 4.3) also intercepts
the curve however it is above the highest regenerative dose point and can not be used to reliably
determine an equivalent dose. Another example of this is when regenerative doses of increasing
magnitude produce no further increase in sensitivity-corrected OSL signal, which indicates that
the grain became saturated during burial and cannot hold any additional charge. Although the
natural signal may still be interpolated onto the dose repose curve in this case, because the grain
is saturated it is not necessarily an accurate estimate of the burial dose.
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A)

B)

Fig. 4.2 A selection of optical decay curves from sample JOULl17-G14-1001. The OSL
decay is estimated within the first 0.2 seconds of signal (blue), the mean count rate of the
last 0.3 seconds is used to subtract the background (red). Take note of scale on y-axis. A)
Rapid decay of a bright luminescence signal. B) Slow decay
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A)

B)

Fig. 4.3 A selection of dose-response curves from single grains within Gully 14, take note
of scale on y-axis. A) Dose response curve of an accepted grain, natural OSL signal
intercepts dose response curve determining the equivalent dose. B) Natural signal
intercepts the curve above the highest regenerative dose therefore cannot reliably
determine an equivalent dose.
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4.2.3 De distribution analysis
4.2.3.1 Radial plots
De values were calculated for all grains that were accepted after applying the rejection criteria.
The distribution of De values of each sample was visually assessed by plotting the De of each
accepted grain as individual points on a radial plot. Proposed by Galbraith (1990), a radial plot
is a statistically based graphical display template for an array of data which has a measured
estimate and an associated precision. In the case of OSL dating, radial plots are particularly
useful as single grains De values have great variability in their associated standard errors
(Galbraith et al., 1999). The radial plot then provides a more comprehensive visual display of
the data allowing both the De magnitude and precision to be assessed. The resulting spread in
the De distribution can then be used to inform the likely depositional and post-depositional
processes influencing each sample.
Generating radial plots consists of plotting the standardized De value on the y-axis against the
precision on the x-axis (Galbraith, 1999). As such, a line drawn from the origin of the
standardised estimate (left hand side) axis to the dose axis (right hand side) provides a measure
of the De for any intersected point along that line. Furthermore, those grains falling to the right
of the plot are known more precisely than those that fall towards the left. Finally, a key aspect
of a radial plot is that if a sample conforms to normal statistical expectations then 95% of the
data should fall within the grey band projecting ± 2 units on the standardised estimate axis
(Galbraith 1990). From the radial plots produced for each sample in this study, displayed in
Fig. 4.4, Fig. 4.5, Fig. 4.6, Fig. 4.7, Fig. 4.8, no sample conforms to this statistical expectation,
with each sample shown to be ‘overdispersed.’ Overdispersion is defined as the additional
degree of measurement uncertainty above that which is statistically expected once all known
and assumed uncertainties have been accounted for (Galbraith et al., 1999).
4.2.3.2 De distribution patterns
Following graphical display as radial plots, the De distributions were then be analysed in terms
of the amount of spread (overdispersion) and visual assessment of De distribution. These factors
can provide information on the stratigraphic integrity of the unit, the completeness of the
previous bleaching event and the extent of any mixing that may have occurred following
deposition. This assessment was also aided by the detailed knowledge of sedimentary
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environment, both macro- and microscopic, provided by the sedimentological results presented
in Chapter 3.
All of the De distributions (Fig. 4.4, Fig. 4.5, Fig. 4.6, Fig. 4.7, Fig. 4.8) are remarkably similar.
In each sample, the majority of the grains are spread more-or-less symmetrically around a
central De value. However, there are a considerable number of grains that fall well outside of
the ± 2 unit grey band, but not as discrete clusters that would otherwise indicate multiple
populations. The overdispersion values for Gully 14 samples range between 35 ± 2 and 56 ±
4%. In an ideal situation, a well-bleached sample that has not be reworked following deposition
typically has between 20 and 30% overdispersion (Olley et al., 2006; Jankowski et al., 2015),
although higher values of up to 72 ± 6% have been cited for single-grain quartz OSL
measurements (Jacobs et al., 2016). In such cases, it is the understanding of the microscopic
composition of the sediments that allowed for accurate De determination.
The micromorphological analysis of thin sections presented in Chapter 3 was used to further
investigation of the underlying causes behind the overdispersion found in these samples. From
thin section analysis there is widespread evidence of bioturbation, such as infilled rootlets and
burrows, in all SU (Fig. 3.5; Fig. 3.6A, C; Fig. 3.9), with soil formation also identified in some
units as well (Fig. 3.6B, D). These features enable mixing and incorporation of slightly younger
grains following the original depositional event which may contributed to the spread in these
samples.
Heterogeneous distribution of radionuclides within the sediment is another contributing factor
of overdispersion. From thin sections, the majority of SUs are comprised of three main
components: quartz sands and silts, pelletal clays, and anorthic carbonate nodules. Here, the
pelletal clays are thought to have higher proportions of U, Th and K. This is evidenced by the
higher environmental dose rates for those samples containing higher proportions of pelletal
clays (Table.3.1). In contrast, carbonate as well as quartz grains are commonly known to be
low in radioactivity (Jacobs & Roberts, 2007). Carbonate nodules, which are abundant in
samples from lower in section (SU2, SU3, SU4), can create localised radioactive ‘cold’ spots
within the sediments thereby altering the amount of beta radiation received by the grains
(Jacobs & Roberts, 2007). This localised variation in beta dose rate is referred to as beta
microdosimetry (Nathan et al., 2003; Jankowski & Jacobs, 2018), and has been shown by
Doerschner et al. (2016), using alpha autoradiography, to influence Lake Mungo lunette
sediments.
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601 (SU6) – De: 41.1 ± 1.3 OD: 35 ± 2

602 (SU6) – De: 43.7 ± 1.4 OD: 38 ± 3

603 (SU5) – De: 45.3 ± 1.9 OD: 45 ± 3

604 (SU3) – De: 50.7 ± 1.5 OD: 38 ± 2

605 (SU2) – De: 73.9 ± 3.9 OD: 56 ± 4

Fig. 4.4 Radial plots for samples within Section 6, with De and overdispersion values.
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701 (SU5) – De: 56.7 ± 2.4 OD: 42 ± 3

702 (SU4) – De: 68.4 ± 3.1 OD: 44 ± 4

703 (SU3) – De: 66.3 ± 2.4 OD: 44 ± 3

704 (SU3) – De: 62.7 ± 2.2 OD: 41 ± 3

Fig. 4.5 Radial plots for samples within Section 7, with De and overdispersion values.
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801 (SU4) – De: 44.5 ± 1.7 OD: 44 ± 3

802 (SU4) – De: 48.1 ± 2.0 OD: 46 ± 3

803 (SU3) – De: 56.7 ± 2.3 OD: 45 ± 3

804 (SU3) – De: 62.7 ± 2.3 OD: 46 ± 3

Fig. 4.6 Radial plots for samples within Section 8, with De and overdispersion values.
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901 (SU4) – De: 46.6 ± 1.9 OD: 41 ± 3

902 (SU4) – De: 47.0 ± 1.9 OD: 38 ± 3

903 (SU3) – De: 61.5 ± 2.5 OD: 43 ± 3

904 (SU3) – De: 62.7 ± 2.3 OD: 46 ± 3

Fig. 4.7 Radial plots for samples within Section 9, with De and overdispersion values.
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1001 (SU6) – De: 37.3 ± 1.3 OD: 42 ± 3

1002 (SU7) – De: 24.5 ± 0.8 OD: 37 ± 3

1101 (SU3) – De: 68.0 ± 2.7 OD: 47 ± 3

1102 (SU3) – De: 67.4 ± 3.0 OD: 50 ± 4

1103 (SU2) – De: 63.4 ± 2.3 OD: 42 ± 3

Fig. 4.8 Radial plots for samples within Sections 10 and 11, with De and overdispersion values.
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Based on the micromorphological information, the De distributions presented (Fig. 4.4, Fig.
4.5, Fig. 4.6, Fig. 4.7, Fig. 4.8) are thought to represent sediments that would have been wellbleached at the time of deposition. However, the subsequent bioturbation and soil formation
processes has resulted in the mixing of like age material together within the deposit. This
localised mixing is further exacerbated by beta microdosimetry. It is considered, therefore, that
the Gully 14 samples measured in this study are comprised of a single, albeit overdispersed
population of grains. This result further highlights the complexity of the depositional
environment within the Mungo lunette and how a combination of analytical methods is what
allows us to make more informed conclusions.
4.2.3.3 Central age model
The most appropriate means of combining the individual De values for these samples is by
taking the weighted average of the distribution. This was done using the central age model
(CAM) of Galbraith et al. (1999). This model not only provides an estimate of the
overdispersion within a sample, but also accounts for this additional spread in the associated
uncertainty value. This model has been applied to all samples measured in this thesis to
determine the De used for age estimation.
4.2.3.4 De determination
Table.4.4 gives the CAM-determined De value for the sample population and the related
overdispersion. These values are expressed in Gy, which is a measure of absorbed radiation.
The De values for SU2 range from 63.4 ± 2.3 to 73.9 ± 3.9 Gy, SU3 ranges from 50.7 ± 1.5 to
68.0 ± 2.7 Gy, SU4 from 44.5 ± 1.7 to 68.4 ± 3.1 Gy, SU5 from 45.3 ± 1.9 to 56.7 ± 2.4 Gy,
SU6 ranges from 37.3 ± 1.3 to 43.7 ± 1.4 Gy and SU7 is 24.4 ± 0.8 Gy.

4.2.4 Environmental dose rate
The environmental Dr is calculated as the sum of beta and gamma radiation in proximity to the
sample within the sediments, as well as cosmic dose and an alpha dose internal to the grain.
From Dr values recorded there is substantial variability between sections and even within
stratigraphic units. Table.4.4 presents the total environmental Dr for all samples collected from
Gully 14, with the total environmental dose rates ranging from 1.07 ± 0.05 to 2.52 ± 0.08 Gy/ka.
There is not obvious pattern of increasing or decreasing total dose rate with depth, with the
variability in each section more likely a function of the composition of each SU. SU2 and SU3
have significantly lower total environmental Dr, these units also have an abundance of
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carbonated clay aggregates as well as carbonate nodules compared to overlying units, which
could account for this low Dr (Nathan et al., 2003; Jacobs & Roberts, 2007). In contrast, SU4,
SU5 and SU6 have relatively high Dr values and, from both field and micromorphological
analysis, have substantially higher proportion of pelletal clays than the underlying units.

4.2.5 Age estimates
After calculating individual components of De and Dr values an age estimate can be determined
using the age equation. The age estimates for the 22 samples collected from Gully 14 are
presented in Table.4.4 and Fig. 4.9. The associated uncertainty on each age estimate was
calculated as the quadratic sum of all measured and assumed random and systematic
uncertainties.
The ages calculated from the samples collected from SU2 range from 69 ± 5 ka to 56 ± 3 ka,
46 ± 3 ka to 31 ± 2 ka from SU3, 34 ± 2 ka to 23 ± 1 ka from SU4, 27 ± 2 ka to 23 ± 2 ka for
SU5, 22 ± 1 ka to 20 ± 1 ka in SU6 and 19 ± 1 ka for SU7. These calculated ages agree
uniformly with the stratigraphic superposition of each unit.
4.2.5.1 Bayesian model
To get a better understanding of the depositional history of the Gully 14 sediments, a Bayesian
phase model was constructed using OxCal (v4.3.2) (Ramsey, 2009a). Using the stratigraphic
relationships reported in Chapter 3, all 22 single-grain OSL ages were grouped into separate
phases according to their associated stratigraphic unit. In constructing the model, only the
random uncertainties on each optical age were used. Boundaries were placed at the interface
between separate phases to provide a modelled estimate of the timing. The phases were then
placed within a sequence according to the superposition of stratigraphic units. A General t-type
outlier model (Ramsey, 2009b) was used to check the likelihood on any individual age being
an outlier and also as a check on the internal consistency of within each phase of the model. A
prior outlier probability of 5% was assigned to each age estimate before running the model.
The resulting age model values are given in Table 4.5 and displayed graphically in Fig. 4.10.
The model convergence overall, as well as the individual age estimates, is quite good (typically
>90%). The model does identify 2 single-grain OSL samples (JOUL17-G14-802 and 1102)
that have substantially higher posterior outlier probability (9%) than the 5% assigned as a prior;
the remaining estimates ranging between 6 and 4%. These values, however,
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Fig. 4.9 Stratigraphic framework developed for Gully 14 superimposed with OSL estimated ages. Circles denote the position of OSL samples
and are coloured according to their associated stratigraphic unit.
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Fig. 4.11 Modelled ages superimposed on the stratigraphic framework of Gully 14
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not cause for concern as the model accounts for this and down weights these age estimates
accordingly. The modelled boundary values are given in Table.4.6 and displayed graphically
in Fig. 4.11. Here the random only and random + systematic (in parentheses) uncertainties are
shown at 2σ. For the latter, the average systematic uncertainty has been added to each modelled
(random only) uncertainty in quadrature. The modelled starting age for SU2 is 64.7 ± 7.2 (8.4)
ka and continues through to 53.6 ± 3.6 (5.1) ka. SU3 begins at 43.6 ± 3.6 (4.7) ka. The end of
SU3 coincides with the start of SU4 at 33.7 ± 2.7 (3.5) ka, with SU4 ending at 26.2 ± 2.0 (2.6)
ka. SU5 is modelled to begin at 26.2 ± 2.0 (2.6) ka continues through to 23.2 ± 2.5 (2.9) ka.
SU6 was deposited from 23.2 ± 2.5 (2.9) ka. until 19.6 ± 1.6 (2.1) ka. Finally, SU7 is modelled
to start at 19.6 ± 1.6 (2.1) ka and continue through to 15.2 ± 5.1 (5.2) ka.

4.3 SUMMARY
De values for individual grains within Gully 14 samples were calculated and displayed
graphically as radial plots. The radial plots for all samples displayed traits of well bleached
sediment however were slightly over dispersed. As these over dispersions were symmetrically
spread around the 95% confidence interval it is thought to be a result of small-scale sediment
mixing rather than two grain populations. For this reason the central age model (CAM) by
Galbraith et al. (1999) was used to calculate the total weighted average of each sample. The
age estimates were then superimposed on the stratigraphic framework, providing chronological
context for the depositional history of the lunette.
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5 COMBUSTION FEATURES
The sedimentary environment of Lake Mungo lunette is a highly dynamic and active
environment, both at present and in the distant past. Unlike the readily transportable stone
tools and animal bone counterparts, combustion features are considered to represent both
spatially- and chronologically-secure points in the archaeological record of the region.
However, the question remains as to whether these features have remained truly ‘in situ’
since their creation by those people living on the shoreline of the ancient lake. Two
combustion features from the Lake Mungo lunette have been analysed using a
multidisciplinary approach to determine their stratigraphic integrity, assess whether or not
they represent primary or secondary depositional events, and to what temperature this heating
reached. This chapter will detail these methods of these techniques and present the
corresponding results.

5.1 METHOD
5.1.1 Combustion feature block collection
Combustion features have been previously excavated from central lunette as part of the
Mungo Archaeology Project. Area of burning identified as potential combustion features
during foot surveys were protected from further erosion and marked for excavation once the
required permissions and permits where in place. During excavations, blocks with a surface
area of ~25 by ~25 cm squares were excavated out of the lunette to varying depths, typically
greater than ~15 cm. The blocks were then supported with plaster bandages and the
orientation of each indicated before they were removed from the test pit. All block samples
were transported to La Trobe University in Melbourne, then the two selected for this study
were re-located to UOW.
In the laboratory, the combustion feature blocks were carefully cut open and dissected under
red light conditions. One portion of the block was then housed in the dark and subsampled for
OSL dating purposes (Chapter 4, Section 4.1.1). The other half of the block was taken into
normal light conditions where the macroscopic structure of the preserved combustion feature
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was recorded. This analysis was done using the same sedimentological techniques employed
in the infield analysis (Chapter 3, Section 3.1.1).
Each light-exposed portion of the combustion feature blocks were then carefully subsampled
for FTIR analysis (Section 5.1.3). To get an understanding of the microscopic structure and
provide finer detail of each combustion feature physical composition, a portion of each block
was removed, dried and impregnated with polyester resin for soil micromorphological
analysis (see chapter 3, section 3.1.2).

5.1.2 Soil micromorphology
All analytical techniques and methods used in micromorphological analysis of combustion
feature blocks are as detailed in chapter 3, section 3.1.2.

5.1.3 Fourier transform infrared spectroscopy
Sediment is an often neglected component of combustion features when piecing together the
history of site. Given that particular clay minerals can be structurally altered when exposed to
high temperatures, these changes can be observed using Fourier transform infrared
spectroscopy (FTIR; Berna et al., 2007). By determining if and to what temperature the
sediments underlying a combustion feature have been heated will not only allow the
evaluation of the firing techniques used but also provide an indication of whether or not they
are in primary depositional context and also if they have remained in situ since abandonment.
The FTIR technique is an analytical tool that investigates the structural properties of a
material using the absorbance of infrared spectrum (Weiner, 2010). This method is based on
the manner in which infrared (IR) radiation (4000 to 240cm-1) interacts with atomic bond
within a given material (Weiner, 2010). The IR radiation causes the chemical bonds of the
sample to vibrate, resulting in characteristic absorbance of portions of the IR spectrum,
thereby reducing the IR signal that reaches the detector at that particular wavenumber
(Weiner, 2010). The absorbance is recorded as a series of absorbance peaks, with each peaks
at a particular wavenumber representing the ‘signature’ of a chemical bond (Weiner, 2010).
Changes within a material can be identified by relative shifts in peak wavenumber and peak
kurtosis that relates directly to the degree of order and disorder of the chemical bonds
(Weiner, 2010).
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5.1.3.1 Sample preparation
The sediment blocks were sub-sampled from the cross-sectional face of the bisected blocks.
After identifying the combustion feature level within each block, samples were collected in 5
mm increments moving from the base of the block, through and above this level. Interesting
features such as charcoal and shell were also collected for later analysis. Each increment was
then stored and labelled ready to be prepped for measurement.
Prior to measurement, each subsample was sieved to obtain the <90 µm grain size fraction.
This step removes all grain sizes greater than a fine sand and concentrates the amount of silt
and clays; the fraction that is most likely to preserve evidence of past heating. Before
measurement the clay was pulverized in an agate pestle and mortar under an IR heat lamp to
control and remove any atmospheric water absorbed by the sample during preparation and
produce a truly homogeneous sample for presentation.
5.1.3.2 Sample measurement
The IR absorbance spectra of the clay was recorded using an ALPHA FTIR Spectrometer.
This instrument was used in conjunction with OPUS, an FTIR analytical software that will be
used to display, record and manipulate data.
After running a background, a small amount of the sample (<0.5 g) is placed on the
instrument (Prinsloo et al., 2014). The instrument performs 64 scans of the sample and
produces an IR spectrum which is displayed in OPUS software. This process was repeated 5
times for each sample to ensure accuracy and capture any variability within the sample as
each run only analyses a small amount of material for analysis (<0.5 g). These 5
measurements are then averaged to create a single spectrum once the data were visually
assessed for internal consistency between each sample.
The measurements are automatically saved as an OPUS data file to the instrument laptop.
The average of each sample was manually saved as an OPUS data file and as a xy data table.
These files can then be displayed using software by Bruker.
Major mineral types can be differentiated by the shape and wavenumber of peaks on the
infrared spectrum (Werner, 2010). For example a strong broad peak at 1450 cm-1 would
indicate the presence of carbonate minerals, whereas the same shaped peak at 1000 cm -1 is
indicative of silicates and phosphates (Weiner, 2010). To interpret the spectra collected from
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cm-1, the small signature at ~2300 cm-1 is a result of atmospheric interference. The broad
peak at ~1450 cm-1 (Peak 2) as well as the small peak at 873 cm-1 (Peak 4) are associated
with calcite absorption. Peak 3 is the distinct absorption at 1006 cm-1 is characteristic of clay
mineral montmorillonite. Peak 5 is a small shoulder at 518 cm-1 which is also associated with
kaolinite clay. Peaks at ~785 and 451 cm-1 are associated with quartz minerals and will be
discussed in the following section. Having established the typical FTIR spectrum of unaltered
clay from Lake Mungo, an understanding of the changes that this sample exhibits as a result
of heating is required.
5.1.3.4 Heating calibration control experiments
A series of controlled heating calibration experiments were conducted to determine the effect
of heating on the FTIR spectrum of geogenic Lake Mungo sediments. To ensure consistency
between stratigraphic units, a subsamples from 2 OSL sample collected from different
stratigraphic units (JOUL17-G14-1001 from SU6 and JOUL17-G14-1002 from SU7) were
used to construct the calibration curves. Here, ~0.5 g aliquots of the <90 µm grain size
fraction were systematically heated in 100 °C intervals up to a maximum of 1000 °C in a
muffle furnace. The samples were then prepared and measured as described in Section 5.1.3.1
and 5.1.3.2.
5.1.3.4.1 Control spectra
The results for the controlled heating calibration experiments are shown in Fig. 5.2, with both
samples producing similar spectra. The variations in major peaks identified above have been
summarised in Table 5.1. The first five spectra in each calibration (ambient temperature to
300 °C) are broadly consistent with the natural sample shown in Fig. 5.3, with no observed
changes to the major peaks of interest. A major change first occurs between the 400 °C and
500 °C spectra. At ~3650 cm-1 Peak 1 is no longer distinct (red box) and the weak absorption
at 518 cm-1 (Peak 5) is also absent (blue box). This result indicates a reduction in the degree
of order within the crystalline lattice of these clay minerals (kaolinite) at this interval. At 600
°C the prominence of Peaks 3 and 4 are subdued to very weak absorption signatures (green
box) which becomes completely absent by 700 °C. It has been suggested by Legodi and
Potgieter (2001) that the prominence of these peaks can be used quantify the calcium content
within a sample, so it can be said that this reduction indicates the combustion of carbonate
component from the sample at this temperature. At 500 °C Peak 3 begins to broaden and
eventually becoming more rounded as temperatures approach 1000°C. From about 700 °C the
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peak begins to shift to higher wave numbers (~1060 cm-1) when the temperature reaches 1000
°C. Another feature that emerges at higher temperatures is a doublet at ~785 cm-1 and the
narrowing of the peak at 451 cm-1. These changes are thought to be due to the vitrification of
the clay minerals producing a more disordered crystal lattice, and the development of alpha
quartz.
A gradual colour change was also noted in the sediment with heating. Here, the colour moves
from buff to a strong brick red with increased heating. At 700 °C the sediment began to stick
to the porcelain crucible indicating a structural change in the clay.
The response of the Lake Mungo geogenic sediment samples to elevated temperatures
resembles the results of heating experiments conducted by Berna et al. (2007). Their research
summarises that the most conspicuous differences in heated and natural clays are:
a) The shift of the major clay absorption at ~1030 cm-1 to higher wave numbers.
b) The loss of clay minerals at ~3600 cm-1 when reaching 500 °C.
c) The absence of the weak absorption peak at 518 cm-1.
d) The relatively strong doublet at ~785 cm-1 when approaching 1000 °C.
One trend that is not evident in the work of Berna et al. (2007) is the striking reduction
calcium carbonate peaks at 600 °C. This difference can be attributed to variations in the
composition of original unheated sediment at the respective sites of each study.
Sedimentological and micromorphological results in Chapter 3 confirm there is an abundance
of carbonate within the sediment at Lake Mungo. Because the heating calibration experiment
conducted here is unique to the sediments at Lake Mungo it cannot be broadly used in the
study of heated clays from elsewhere. Moving forward, then, Peaks 2 and 4 will be used as an
indicator of heat altered sediment in conjunction with other proxies when compared to
combustion features from Lake Mungo.
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Fig. 5.2 Calibration curve results for the JOUL-G14-1001 (left) and JOUL-G14-1002 (right) samples. All curves are stacked by increasing
temperature. See text for explanation of the coloured boxes (Note break in x axis)
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Fig. 5.4 Scanned thin section of HB1455, annotated with identified microfacies

5.2.1.2 Microstratigraphy
In thin-section, 9 micro-facies (MF) have been identified within sediment block 1455.
Detailed descriptions of each are given in Table 5.2. These micro-facies will be detailed in
stratigraphic order starting from the base of the section, highlighting their microstructures
using analytical techniques proposed by Stoops (2003). Although they have differing microtraits, the overall composition and distribution of some facies are indicative of similar
depositional setting. For this purpose they have been grouped to describe their shared
characteristics.
5.2.1.2.1 MF1-MF5
These facies are generally composed of quartz sand and some pelletal clays with shell
material (Fig. 5.5). The quartz component is subject to bimodal sorting into finer and coarser
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fractions which locally coarsen upward (Fig. 5.5). The coarser fraction contains more
rounded grains compared to the finer fraction which has more angular grains. These beds
have a low right angle dipping preferred orientation (Fig. 5.5). Manganese oxide staining and
partial collapse of pelletal clays are observed in MF3, which infers a small-scale pedogenic
processes. These pedogenic traits are absent MF4 and MF5, signalling a return to dune
formation. The upper contact of MF5 is visually distinct, with material from MF6 irregularly
intruding along the upper surface. The bimodal sorting of grains is disrupted in proximity to
the upper contact, becoming more chaotically orientated (Table 5.2).

Fig. 5.5 Microimage of MF4 and MF5 in xpl. Bimodal sorting of quartz (Q) with pelletal clays
(PC) and some shell material (Sh). Red arrow indicative of coarsening upward trend.

5.2.1.2.2 MF6
MF6 visually indicates a significant change in section as most of the material appears to be
heat-altered. The most striking difference of the homegeous and chaotically bedded MF6 is
the inclusion of rubefied (iron-stained) pelletal clays, which in some areas have partially
collapsed to form a clay matrix (Fig. 5.6). Fine carbonate crystals are observed as well as
heat-altered bone fragments, some of which have vertical orientations (Fig. 5.6). The heating
process of these bone fragments has turned them dark brown in colour and have a sharp
extinction in xpl (Fig. 5.6). The grains toward the upper contact of this microfacies are more
compact and display some horizontal orientation.
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5.2.1.2.4 MF8 – MF9
These facies contain series of alternating finer and coarser quartz fraction with partially
collapsed pelletal clays and few shell fragments (Fig. 5.8). There are very few pelletal clays
in MF8, however in some cases they have been carbonate enriched (Fig. 5.8). Most of the
pelletal clays in MF9 have collapsed to form a clay matrix. Shell fragments are only evident
towards the upper contact of MF8, however more abundant in MF9.

Fig. 5.8 Microimage in xpl showing return to bimodal sorting of quartz (Q) with pelletal clays
(PC) coarsening up (red arrow).

5.2.1.3 FTIR spectra
The spectra of sediment from HB1455 presented in Fig. 5.9 show no major variations that
would indicate heated sediment within the profile. All samples have produced a similar
spectrum, with the only variation being a slight dip in intensity of peaks 3 and 4 from samples
HB1455_04 to HB1455_07. These peaks directly relate to calcium carbonate content and are
less prominent in those excavation units collected closer to the associated burning horizons.
When compared to the calibration results, the material within the burning horizon and the
underlying sediment of the combustion feature does not appear to have been heated above
400 °C. Peak 1 and peak 5 that become absent between 400 °C and 500 °C in the calibration
are still present in the combustion feature spectra. Peak 3 does not vary in width and or shift
to higher wave numbers as is evident in the control spectra above 500 °C. The subtle changes
in area under the 1400 and 913 peaks could potentially indicate heating, reaching
temperatures of somewhere between 400 °C and 500 °C, however due to the scale of the
change it could also be explained by irregular carbonate content in the sediment.
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8

9

rubefied inclusions have vertical orientation, are dark brown in colour and have a sharp extinction in xpl. The upper and
lower contact on this facies are irregular and intrudes the underlying sediment.
Poorly sorted quartz sand with some pelletal clays, shell material and burnt inclusions. Equal enaulic with complex packing.
The quartz is sub-angular to sub-rounded with a sub-horizontal orientation. There are very few pelletal clays, some have
collapsed to form the clay matrix. The fine fraction consists of thin yellowish-brown clay coatings which are as detailed in
MF1. In this facies there are large 5mm lenses of charcoal which pinch out along a sub-horizontal preferred orientation.
Alternating finer and coarser quartz fraction with partially collapsed pelletal clays and few shell fragments. The structure
ranges from single-spaced porphyric to close porphyric with vugh and chamber voids. The quartz is sub-angular to subrounded with a sub-horizontal preferred orientation. There are very few pelletal clays in this facies, however in some cases
they have been carbonate enriched. Shell fragments are only evident towards the upper contact and often occur where the
pelletal clays have partially collapsed. The fine fraction consists of thin yellowish-brown clay coatings which are as detailed in
MF1. There are also some carbonate coatings on quartz grains.
Poorly sorted quartz sands and partially collapsed pelletal clays. The structure is single spaced porphyric with vugh and
channel voids. Quartz is sub-angular to sub-rounded with a sub-horizontal preferred orientation. There are few carbonate
enriched pelletal clays but most have collapsed to form the matrix. The fine fraction consists a collapsed clay matrix which is
yellowish brown in ppl and has a speckled b-fabric in xpl. There are also thin yellowish-brown clay coatings which are as
detailed in MF1

Aeolian reworking
of anthropogenic
sediments
Geogenic – aeolian

Geogenic – aeolian
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Fig. 5.9 Composite image of HB1455 block and FTIR spectra in line from where it was sampled. (note break in x axis).
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5.2.2.2 Microstratigraphy
5.2.2.2.1 MF1
This facies consists of well laminated clay beds which show a fining upward trend (Fig.
5.11). The coarser fraction contains very fine well sorted quartz grains within a speckled clay
matrix. Grading into the finer fraction the bedding of clays becomes more defined. The finer
material shows a faint extinction in xpl (Fig. 5.11), indicting the degree of sorting. The
microstructures of this facies indicate a geogenic deposition of water lain clays.

Fig. 5.11 Microimage of MF1 in both ppl and xpl. Clay matrix (CM) deposited in fine beds
grading up to Limpid clay (LC).

5.2.2.2.2 MF2
MF2 consists of a chaotically structured mix of unaltered and heat exposed material. There is
an increase of pelletal clays, most of which are not rubefied. Large flecks of burnt bone and
charcoal sit without a preferred orientation (Fig. 5.13B). There is an abundance of ash coating
these inclusions, predominantly towards the bottom of the facies. The limpid clay bed
appears to be in situ rather than a rip-up clast due to curling of edges (Fig 5.13A). This facies
contains both geogenic and anthropogenic material with no apparent sorting. As the facies
exceeds the length of the thin section it is difficult to determine its relationship with overlying
sediment, which may have given evidence of a depositional setting.
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Fig. 5.14 Composite image of HB1467 block and FTIR spectra in line from where it was sampled. (note break in x axis).
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5.2.3 OSL age estimates
A total of four OSL age estimates were calculated for sediment below and above the
identified combustion surface in each block. The De values and associated errors were
calculated as described in Chapter 4. For more detail of these calculations, please refer to
chapter 4.
5.2.3.1 De Determination
Before calculating de values, the formal rejection criteria (detailed in chapter 4, section 4.2.1)
was applied to measured grains to assess their compatibility for luminescence dating. De
values were calculated for all grains that passed the same formal rejection criteria outlined in
Section 4.2.1. These values were then plotted as individual points on radial plots to show the
over De distribution of the sample (Fig. 5.15).
Similar to the radial plots produced for Gully 14 sediment in chapter 4, these De distributions
can be described as well bleached however slightly over dispersed. All grains are
symmetrically spread around a central De value, most of which sit within the 95% confidence
interval. Samples from HB1455 show similar distribution and overdispersion values, with the
underlying sediment being slightly more precise. The overlying sediment in HB1467 is
significantly more over dispersed than the underlying sediment, which is reflected in the
micromorphological analysis of this sediment in section 5.2.2.2. this overdispersion is further
evidence of mixing.
5.2.3.2 Dose rate determination
The total environmental dose rate for the combustion feature samples were calculated at
Genalysis Intertek Laboratory in Perth, Australia. Concentrations radioactive elements were

measured using inductively-coupled plasma optical emission spectrometry (ICP- OES) for
determination of K and ICP-mass spectrometry (MS) for determination of U and Th. The
elemental concentrations are then converted to dose rate using the conversion factor of Guerin et
al. (2011).
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HB1455
JOUL15-01: De: 19 ± 1 Gy, OD: 32 ± 3%

JOUL15-02: De: 21.8 ± 0.6 Gy, OD: 28 ± 2%

HB1467
JOUL15-03: De: 25.2 ± 0.6 Gy, OD: 25 ± 2%

JOUL15-04: De: 41.9 ± 1.1 Gy, OD: 33 ± 2%

Fig. 5.15 Radial plots produced OSL samples collected from combustion feature blocks
HB1455 and HB1466.
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DISCUSSION
6.1 Aims revisited
The primary objective of this project was to stitch together the duel stories of landscape
evolution and archaeological record of the Lake Mungo lunette into a coherent narrative by
addressing three main aims. These aims were to:
1. investigate the physical composition, stratigraphic integrity and firing history of
previously excavated combustion features using soil micromorphological analyses of
thin section and FTIR spectroscopy;
2. integrate these combustion features into the Willandra Lakes landscape through the
sedimentological and micromorphological analyses of several eroded gully sections
within the Joulni region of the Lake Mungo lunette; and
3. link the archaeological and landscape records together in time using single-grain OSL
dating of sediments entombing the combustion feature blocks and those collected from
the gully sections.
In the previous 3 chapters I have outlined the results of the three discrete investigations
focusing on landscape (Chapter 3), chronology (Chapter 4), and combustion feature
composition and firing history (Chapter 5). In the following chapter I aim to integrate these
records together to address the aims outlined above.
To integrate the combustion feature data into the wider landscape first requires that a
stratigraphic framework exists onto which it can hang. I provide, first, a stratigraphic
framework for the development of the Gully 14 sediments investigated here and integrate this
into previous work from both within the Lake Mungo basin and further afield. I then lock down
the timing of deposition of the two combustion features that were dated in this study using
OSL, before assessing the stratigraphic integrity and firing history of the combustion features.
Finally, I synthesise these records together to provide a cohesive, integrated understanding of
archaeological record that is well-grounding in its surrounding context. I close this chapter with
a discussion of the shortcomings of the current project and recommend directions that can be
taken in future work to overcome these.
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6.2 Stratigraphic framework and palaeoenvironmental interpretations of
Gully 14 development
6.2.1 SU1 (>100 ka)
Characterized by mottled pink carbonated sediment inundated by pedogenic overprinting, this
unit draws parallel with field descriptions of Bowler’s (1998) Gol Gol and Fitzsimmons et al
(2014) unit A (Table 6.1). SU1 is the oldest deposit making up the core of the lunette; it has
been significantly altered by post depositional processes and therefore difficult to determine
original depositional features. Previous work suggested it was deposited during a lake full
phase (Bowler 1998; Fitzsimmons et al., 2014), however more recent micromorphology
suggests it was deposited during oscillating low lake levels (Jankowski et al., in prep.). Given
that this unit was not directly dated in this study, I consider that it was deposited ~140 ka, in
line with previous estimations (Bowler, 1998; Fitzsimmons et al., 2014), during marine isotope
stage (MIS) 6. SU1, therefore, represents the pedogenically-altered remnants of the penultimate
glacial cycle lunette and forms the backbone that the archaeology-bearing units were deposited
against.

6.2.2 SU2 (65–54 ka)
There is a significant disconformity between SU1 and SU2 which is revealed by modelled age
estimates presented for SU2, suggesting deposition between 64.7 ± 7.2 and 53.6 ± 3.6 ka (Table
4.6). This depositional hiatus is consistent with previous work (Bowler 1998, Fitzsimmons et
al., 2014), with SU2 being comparable to Bowler’s Lower Mungo unit (Table 6.1). A break in
deposition of this magnitude suggests a high energy mechanism that removed material from
the dune before the deposition of SU2. There is no evidence indicating the nature of erosional
mechanism recorded in the lunette, although gully erosion (as clearly evident in the modern
lunette) remains one possibility. Continued research of the western shoreline of Lake Mungo,
the mallee woodland east of the dune, and the lakes upstream of Mungo might provide further
evidence for where these eroded sediments may have eventually been deposited.
The sedimentary features of SU2, observed via micromorphological analyses (Fig. 3.5),
indicate that a portion of the eroded SU1material was then delivered back to the Mungo basin,
becoming available for further dune building. The abundance of rounded anorthic carbonate
nodules are considered to have been sourced from the SU1 calcrete horizons and the pinkbrown colour
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of the sedimentary groundmass derived from the rounded, iron-stained, calcite-impregnated
clay aggregates and clay coatings surrounding quartz grains (Fig 3.5). The clay aggregates in
this unit have, for the most part, retained their structure and not undergone significant collapse
(Fig 3.5).
It is thought that SU2 was deposited under a lake full conditions based on the abundant quartz
sand component of this unit. Deposited at the lake shoreline, the quartz sand and clay
aggregates where then subject to aeolian dune forming processes, remobilising them into the
lunette. The grading of the carbonate nodules with distance away from the palaeo-shoreline
provide evidence for this aeolian deposition. The work of Bowler (1998) and Fitzsimons et al.,
(2014) suggest a similar depositional setting for this unit. However, their estimated ages of
60–40 ka (Bowler, 1998) and 50–40 ka (Fitzsimmons et al., 2014) contrast with the estimated
~65–54 ka of SU2 estimated here (Table 6.1). Given that the focus of this study was not centred
upon these older sedimentary layers, it remains possible that the two age estimates from this
unit may not be fully characterising the true span of this depositional unit.

6.2.3 SU3 (44–34 ka)
Micromorphological and sedimentary evidence from SU3 paints a picture of a prolonged and
stable lake full phase between 43.6 ± 3.6 and 33.7 ± 2.7 ka ago (Table 4.6). Unlike SU2, the
clay aggregates in this unit appear to have a much-reduced carbonate content. Furthermore, the
presence of carbonate-depletion rims surrounding a number of carbonate nodules provide
further evidence of carbonate dissolution (Fig. 3.6D). The decalcified clay aggregates, having
lost their structural integrity, have in places begun to fuse at the edges. This decalcification and
welding of clays has been shown both within the WLRWHA (Dare-Edwards, 1979) and
elsewhere (Kemp, 1995) to be associated with pedogenic activity. I consider that the dissolved
carbonate was then transported further down the sediment profile into the lower horizons
contributing to calcrete formation.
There is also substantial evidence for bioturbation within SU3. The presence of poorly-sorted,
infilled channel voids indicates substantial bioturbation (Fig. 3.6A, C). Some of these channels
are also associated with calcite hypocoatings (Fig 3.6A, B), and are indicative of rootlet activity
(Bajnóczi & Kovács-Kis, 2006). The outcome of this process was the small-scale mixing within
the sediment; supported by the high overdispersion value of the De distributions of the OSL
samples coming from this unit.
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These lines of evidence suggest that substantial pedogenic alteration has occurred within SU3.
Prior to pedogenesis it is thought that this unit would have resembled SU2, having a higher
carbonate content and pinker colour at the time of deposition. The change that have occurred
subsequent to deposition (i.e., decalcification and clay collapse) have been shown to indicate
humid climatic conditions and periodic rainfall Kemp (1997). This inference is supported by
recent geochemical analysis of fish otoliths from Lake Mungo by Long et al. (2018). The
authors demonstrate stable oxygen isotope ratios for all otoliths that date to between ~45–34
cal kBP; a finding consistent with protracted lake full conditions. Broader studies of regional
palaeoenvironment indicators within the MDB are also consistent with wet and humid
conditions at this time. An overall increased riverine activity in the MDB (Kemp and Rhodes,
2010) and increased speleothem growth (Ayliffe et al., 1998) correlate with a period of
increased rainfall and humid conditions.
Although SU3 is compositionally consistent with the Lower Mungo soil described by Bowler
(1998), the ages of SU3 presented in this study do not correlate with previous work. Rather,
this age range (~44–34 ka) coincides with the deposition of Bowler et al. (1998) Upper Mungo
unit (Fitsimmons et al.’s Unit C) under oscillating lake level conditions. Interestingly, there is
no sedimentary unit resembling the Upper Mungo in Gully 14. One possibility for its absence
could be due to the lateral variability in Upper Mungo unit along the lunette, with thicker
deposits accumulating around the northern section and southern tip of the lunette and thinner
in the central portion (Bowler et al., 2012; Fitzsimmons et al., 2014). Furthermore, it appears
as though the Upper Mungo unit is very poorly constrained chronologically, with only 11 age
estimates made using optical dating methods scattered across the length of the lunette. If the
Upper Mungo unit was ever present in Gully 14 it appears to have been eroded from the record.

6.2.4 SU4 (34–26 ka)
The ages presented for SU4 in this study place deposition between 33.7 ± 2.7 and 26.2 ± 2.0
ka (Table 4.6). This age range is broadly consistent with Unit D of Fitzsimmons et al. (2014,
2015), who proposed a short-lived mega lake phase in which the water volume of Lake Mungo
increased ~250% between 25.3 ± 2.3 and 22.5 ± 2.4 ka (1σ uncertainty). In field observations
indicated a similar medium to coarse sand texture for this unit, again comparable with Unit D.
However, micromorphological investigation here revealed a considerable component of coarse
pelletal clays; interpreted as representing a dry (or drying) lake floor (Fig. 3.8). I therefore
consider SU4 to have been deposited under during a time of lake level retreat and partial drying
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of the lake floor. This discrepancy in sedimentology is not easily explained by lateral variation
in deposition along the lunette as both a dry lake floor and ‘mega lake’ phase can not exist at
the same point in time. Bowler et al. (2012), based on sedimentary data from the southern end
of the lunette, proposed that Lake Mungo entered into a major drying event at ~34 ka ago that
continuing through to the last glacial maximum. The ‘mega-lake’ phase between ~26–22 ka
does not appear to be supported by the depositional record within Gully 14 or by previous work
at Lake Mungo.
The drying trend at Mungo appears at odds with what seems to be happening within the MBD.
This time period is regionally reflected by an abundance of riverine activity on both the Lachlan
(Kemp and Rhodes, 2010) and Murrumbidgee Rivers (Mueller et al., 2018). There is also a
high period of speleothem growth at Naracoorte (Ayliffe et al., 1998). Both of these findings
indicate substantial quantities of water within the Riverine Plain and the south east of Australia,
and yet the connection between this water and Lake Mungo appears to have been disconnected.

6.2.5 SU5 (26–23 ka)
After the relative dry conditions associated with the deposition of SU4, the microstratigraphy
of SU5 is quite contrasting. Deposited from 26.2 ± 2.0 to 23.2 ± 2.5 ka (Table 4.6), the claydominated sediments have a microstructure that ranges between matrix- (porphyric) and clast(enaulic) supported sediment. Either way the shift to increased pelletal clay contribution
indicates low lake level conditions that oscillate sufficiently to wet and dry lake floor clays.
Matrix-supported sediments are thought to have formed in to modes. Poorly-sorted and massive
sediments are thought to indicate in situ pelletal clay collapse as a result of soil pedogenic
processes similar to those in SU3. Graded bedding from fine sands to limpid clays (Fig. 3.9)
suggest a low energy water-lain deposit such as water pooling on the dune surface. These pools
were short lived with the cracking of the well-sorted clay component indicative of desiccation.
The coarser clast-supported pelletal clays and quartz sands found above and below the graded
microfacies are thought to be an aeolian deposition.
There is not comparable unit (in terms of both sedimentology and chronology) in the work of
Bowler (1998) or Fitzsimmons et al. (2014). However it chronologically coincides with the
deposition of Arumpo and Unit E (Table 6.1). The proposed Mungo mega-lake also sits within
this depositional time frame (Fitzsimmons et al., 2015), however the micromorphological
evidence still suggests a drying or low level lake stand.
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6.2.6 SU6 (23–20 ka)
The characteristic sedimentary composition of equal amounts quartz sand and pelletal clays
make SU6 comparable to the Arumpo and Unit E (Bowler, 1998; Fitzsimmons et al., 2014)
(Table 6.1). From thin section analysis of the HB 1455 block, the alternating pelletal clay and
sandy microfacies with coarsening upward trend indicates ripple migration (Bowler, 1998;
Fitzsimmons et al 2014). Together with the observed sedimentary features such bedding and
ripple formation it can be assumed that this was a relatively rapid aeolian deposit during an
extremely windy period (Händel et al., 2009; Koster, 1993). This rapidity was confirmed by
the short time frame modelled for the deposition of this unit, between 23.2 ± 2.5 to 19.6 ± 1.6
ka ago (Table 4.6).
A corresponding study of Gully 10 (Jankowksi et al., in prep) shows micromorphological
analyses of this unit which reveals a clast-supported microstructure made up of roughly equal
parts quartz sands and pelletal clays. These sediments occur as rhythmic sets of coarsening
upwards, well-bedded sequences where evidence of bioturbation is not significant. Jankowski
et al, (in prep) suggests that the landscape during this period would have been extremely harsh,
windy and ever changing due to the rapidity of deposition.
Geochemical analysis of fish otoliths from Lake Mungo dated to the LGM (~22–19 cal. kBP)
recoded a change in δ18O concentration. This change indicates an initial habitat of stable lake
full, and then moving to extremely saline conditions indicated by an increase of δ18O (Long et
al., 2014). This finding correlates with reducing lake levels (Bowler et al., 1998) implies that
SU6 was deposited during low oscillating lake conditions.
In contrast, an analysis of otoliths from Lake Mulurulu, higher in the lakes chain, during this
period suggests stable lake full conditions (Long et al., 2014). This disparity in the
palaeoenvironmental record of the WLRWHA suggests reduced riverine activity, with water
not reaching further down the lakes system. However, the wider palaeoenvironmental record
within the MDB seem to be at odds with the geochemical record of Lake Mungo, observing
processes associated with warmer and more humid conditions. Increased riverine activity is
recorded in palaeo channels of the Lachlan river around (Kemp & Rhodes, 2010; Kemp and
Spooner, 2007) the Murrumbidgee river (Mueller et al., 2018) from ~ 29 to 18 ka ago. This is
also reflected with increased growth the speleothem record at Narcoorte caves from ~30 – 20
ka (Ayliffe et al., 1998). It is clear from the contradicting palaeoenvironmental records of the
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MDB and Lake Mungo that the Willandra lakes were not impacted by this increased fluvial
activity, suggesting it was now isolated from regional inputs.

6.2.7 SU7 (20–15 ka)
SU7 is marked by an increase component of quartz sand sorted into well-developed cross beds
which was deposited from 19.6 ± 1.6 to 15.2 ± 5 ka (Table 4.6). These sedimentary features
and chronology correspond with Bowler’s (1998) Zanci unit whilst Fitzsimmons (2014)
suggests it is a continuation of Unit E (Table 6.1). No thin-sections were taken of this sample
to conduct micromorphological analysis, however the increase in sand indicate that SU7 was
deposited when Lake Mungo had dried, with the dune fields surrounding the lake basin now
contributing material to the lunette under windy conditions (Jankowski et al., In prep).

6.2.8 SU8 (Modern)
The well-developed sandy beds inundated with modern roots of SU8 reflect the depositional
processes of the current environmental conditions of the lunette. No sediment from this unit
was sampled for thin section or OSL dating.

6.3 Combustion features: when and how?
6.3.1 Constraining the chronology
Single-grain OSL dating from both above and below the combustion features in both HB1455
and HB1467 (Table 5.6) provide constraining ages for the timing of formation. The sediment
of HB1455 sits within a depositional bracket 19 ± 1 (JOUL15-01) to 14 ± 1 ka (JOUL15-02)
ago, whereas a slightly longer depositional timeframe exists for HB1467, dating to between 24
± 1 (JOUL15-03) and 15 ± 1 ka (JOUL15-04) ago. These results lock down the construction
of the combustion features into the time period when SU6 (23–20 ka) and SU7 (20–15 ka) were
accumulating in Gully 14 (Section 6.2).
The accuracy of these single-grain OSL age estimates was confirmed by subsequent
radiocarbon dating of organic materials recovered from the combustion features during
excavation by the MAP project. Three radiocarbon age estimates on bivalves (n=2) and
charcoal (n=1) for combustion feature 1455 ranged between 20.5 and 19.7 cal kBP at 95%
confidence, and a single calibrated radiocarbon age of 20.0–19.5 cal kBP was obtained for
combustion feature 1467 (Stern, pers. comm., 2018). Having locked down the chronology for
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the formation of the combustion features, the integrity and firing histories can now be assessed
and interpreted.

6.3.2 Microstratigraphic formation and interpretation
6.3.2.1 HB1455
In Chapter 5 HB1455 was divided into 9 micro facies identified by varying microstructures.
These micro structures provide clues about the processes involved in the deposition of the
sediment and if they are geogenic or anthropogenic of origin. Although they have differing
micro-traits, the overall composition and distribution of a number of these facies are indicative
of similar depositional settings. For this purpose they have been grouped to infer a depositional
setting from their shared characteristics.
6.3.2.1.1 MF1—MF5
Structural observations of these microfacies indicate that sediments were deposited by
geogenic processes. The bimodal sorting of the quartz component which locally coarsen
upward indicates the formation of ripples as a function of aeolian deposition (Koster, 1993)
(Fig. 5.5). A coarsening upward trend is very rarely observed of ripples in fluvial sands, further
supporting aeolian deposition (Händel et al., 2009). Furthermore, the low angle dipping
orientation of the horizontal beds which signifies deposition of a dune surface (Koster,1993).
The rounding and sorting of the pelletal clays as well as the enaulic structure with complex
packing voids (Fig. 5.5) is characteristic of processes depositing unconsolidated material (van
der Meer, 2011). With this information, it is suggested that this sediment was deposited as part
of an active and mobile dune system under the enhanced wind conditions of the last glacial
maximum. The age estimates of sediment sampled below the combustion feature places
deposition around 19 ± 1 ka ago. The stratigraphic framework for Gully 14 presented in section
6.2 indicates that the conditions on the Lake Mungo at this time (and further afield) were harsh,
and windy environment and a lake experiencing oscillating low level conditions.
6.3.2.1.2 MF6
The irregular lower contact of MF6, as well as the intrusion of heat-altered material into the
underlying MF5, suggests a disconformable contact (Fig. 6.1). The homogenous mix of
material containing heat-altered bone fragments and charcoal (Fig. 5.6) with no preferred
orientation suggests a significant change of sediment source and depositional process. Typical
combustion feature usually contains 2 horizontal beds, the heat altered burning surface
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Fig. 6.1 Scanned thin section of HB1455 (left) with annotated microfacies (right)

overlain by burnt residue (Mallol et al., 2013). Instead, a chaotic mixture of both heat-altered
and unheated material is observed, with elongate clasts observed in hydraulically-unstable
(vertical) orientations (Fig. 5.6A), suggesting instantaneous deposition and no subsequent
sorting. The FTIR results from all samples from this block indicated that no heating above 400
°C was detectable (Fig. 5.9; Table 5.3), even within MF6 that contains heat-altered material.
Aldeias et al. (2016) showed via controlled experiments that heat transfer beyond the
immediate radius of heating decreases rapidly in sediments. These lines of evidence suggest
that MF6 was deposited as a result of anthropogenic activity (Dibble et al., 2009; Goldberg et
al., 2009; 2012), presumably rake out and redistribution of the remnant combustion feature
contents away from the heating origin. This process also included the erosion and incorporation
of unheated pelletal clay clasts from the underlying unit; providing one possible reason as to
the lack of heating signature for the FTIR sample coming from MF6.
The grains toward the upper contact of MF6 appear more compact and display some preferred
horizontal orientation possibly due to trampling or compression before deposition of MF7
(Goldberg et al., 2009).
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6.3.2.1.3 MF7
Although MF7 is composed of similar material to MF6, the sorting and orientation of the grains
differ significantly. There is also an increase in the abundance of unheated sediment mixed
with heat-altered material suggesting reworking (Goldberg et al., 2009). The larger charcoal
fragments align to and pinch out along the preferred orientation of the smaller groundmass
grains (Fig. 5.7A), indicating they these fragments are no longer in situ (Goldberg et al., 2009).
However, the preferred orientation of the quartz grains and burnt inclusions indicate a sorting
mechanism (Fig. 5.7B), unlike the underlying MF6. Although this facies contains material that
is of anthropogenic origin, the microstructures indicate it was deposited geogenically
(Goldberg et al., 2009). A study using experimental fires conducted by March et al. (2014)
found that products of a burning event such as ash and charcoal are extensively spread over the
surrounding area by action of wind. They found that while aeolian processes cannot transport
heavy materials, small scale archaeological material such as sand-sized bone fragments could
be reworked by this medium (March et al., 2014). It is likely that MF7 is a deposit of aeolian
reworked material derived from a nearby (later) combustion feature not associated with that
event recorded by the rake out in MF6. The irregular upper contact of this microfacies indicates
an erosive break.
6.3.2.1.4 MF8-9
MF8 and MF9 contain no heat-altered material or microstructures that signify reworking (Fig.
5.8). Rather, there is a return to bimodal grain size and sorting of MF1-5 indicating the absence
of human input and return to geogenic deposition (Fig. 5.8) (Goldberg et al., 2009). This
sediment was estimated to be deposited around ~15 ± 1 ka ago, coinciding with the minimum
age of SU7, and supporting the erosive nature of the contact between MF7 and MF8-9.
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6.3.3 HB1467
6.3.3.1.1 MF1
The well laminated clay beds in this facies indicate low energy water-lain deposition (Fig.
5.11). Pelletal clays are abundant throughout the Mungo sediment however it is rare to have a
thick sequence of relatively undisturbed, graded clay beds. It is likely this MF was formed by
a puddle or water pooling on the dune surface (Bowler & Teller., 1986). The estimated ages of
HB1467 places deposition at around 24 ± 1 ka; coinciding with an overall drying trend at Lake
Mungo (Section 6.1). This sequence of graded clay beds indicates erosion of dune material via
sheet-wash and subaqueous deposition (Bowler & Teller., 1986).

Fig. 6.2 Scanned thin section of HB1467 (left) with annotated microfacies (right)

6.3.3.1.2 MF2
MF2 is a homogenous mix of both geogenic and anthropogenic material (Fig. 5.13B) as seen
in MF7 in HB1455. In this case, however, there is no evidence of sorting. Similar to HB1455,
there is no evidence for horizontal beds typical of in situ combustion features (Mallol et al.,
2013). Large clasts of charcoal look to be floating in the matrix as well as heat-altered bone
and clay aggregates indicating general proximity to the origin of a combustion feature. This
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mixing of heated and unheated material is potentially one reason for the lack on any significant
heating signal observed in the HB1467 samples (Fig 5.14). There is also a significant amount
of recrystallised calcite observed scattered throughout the thickness of MF2 that is not present
in the underlying MF1. This finding is supported by the distinct increase in the abundance of
the 1006 cm-1 and 873 cm-1 peaks associated with carbonate in the FTIR spectra (Fig. 5.14) for
those samples coming from within this microfacies. This chaotic mix of materials makes it
difficult to suggest a single depositional mechanism responsible for its formation.
Similar micromorphological sediments to those of MF2 have previously been observed in a
study by Whitau et al. (2018) at Riwi Cave in Western Australia. The micromorphology of
their ‘Type C’ combustion features were described as an ash-rich mix of geogenic (unheated)
and anthropogenic (heated) material with random orientation patterns. This microfacies type
was interpreted as the product of multiple combustion features in close vicinity, that have
undergone intense reworking via sweeping, bioturbation and trampling from human and animal
inhabitants of the cave. In terms of combustion feature 1467 at Lake Mungo, geomorphological
processes are likely to have a more significant role in the reworking of this feature. It is
considered, then, that MF2 of HB1467 is most probably a rapid dump of combusted material
that was then been substantially rework via aeolian processes. As such, I consider that the
sediments sampled from combustion feature 1467 by this block are not in situ but rework
subsequent to the original combustion event.
6.3.3.1.3 Sediment overlying MF2
No thin section was made of the grey-blue clay rich sediments of the sediments overlying MF2.
This sediment contained no evidence of heat-altered material or charcoal. OSL dating of the
sample coming from this unit (JOUL15-04; Table 5.6) provides a constraining age of 15 ± 1
ka, which is significantly younger than the radiocarbon estimate for this feature, and indicates
a large depositional break between deposition of the combustion feature and a period of
significant erosion prior to the deposition of these clay-rich sediments.

6.4 Implications for the associated archaeological materials
In the previous section I have determined both when and how the combustion features 1455
and 1467 were formed. The micromorphological and FTIR investigations indicated that neither
feature contained in situ combustion microfacies. Rather, the sorting and structure of MF6 in
HB1455 and MF2 in HB1467 are characteristic of rake out or sweeping deposits (Dibble et al.,
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2009; Goldberg et al., 2009, 2012). It is considered, therefore, that the sediments sampled by
these blocks are located in the vicinity of, but not directly on top of, the origin of the combustion
event.
The identification of disconformity surfaces directly overlying these microfacies in both blocks
has important knock on effects for the associated chronological constraints. The single-grain
OSL ages provide a depositional bracket 19 ± 1 to 14 ± 1 ka ago for HB1455 and 24 ± 1 to 15
± 1 ka ago for HB1466. The presence of the disconformity, however indicates 2 discrete
depositional events, rather than a single slowing aggrading episode. The age of the combustion
features, therefore, ties in more closely to the associated radiocarbon dates of between 21–20
cal kBP and the underlying single-grain OSL ages – placing the formation of both combustion
features directly within the SU6 (23–20 ka) timeframe.
Perhaps more importantly is the influence these findings have on the stratigraphic integrity of
the associated remains recovered from these features during excavation. Based on the
microfacies of HB1455 (Fig. 6.1), archaeological remains found in MF2, although reworked
for the original combustion location, are secure in their chronological constraint. Foley (pers.
comm., 2019) noted both burnt and unburnt bone material found in the vicinity of this
combustion feature block. The burnt remains can be directly associated with the cultural
activity. Those unburnt remains that come from below and above MF2-3 disconformity
surfaces are not directly associated with this cultural event. A similar conclusion can be drawn
for the archaeological materials recovered from HB1467. Given the significant and continuous
mixing that is considered to have occurred following the original combustion event, unless the
excavated materials recovered from within this feature display evidence of heating, confidence
in their association with the combustion event is negligible.

6.5 From dual narrative to single story: linking the combustion features
into landscape
From the findings of this study, it is possible now to stitch together the landscape and
archaeological narratives to provide an integrated picture of the Lake Mungo lunette during the
height of the last glacial maximum.
During the deposition of SU6 and the construction of both combustion features, the lake level
was both low and oscillating (Section 6.1). Otolith geochemical data from Lake Mungo
specimens indicate that the water within the lake at this time was particularly saline (Long et
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al., 2014). Yet, water at Lake Mulurulu (and presumably the other flow through lakes as well)
was considerably fresher at the same time. However, based on the oxygen isotopes recorded
within the Mungo otoliths, intermittent pulses of this fresh water were still entering into the
lake basin. Jankowski et al., (in prep) also noted the presence of interdune pools of water in
sediments also dating to this time period. Water, then, was not scarce at this point in time within
the Mungo landscape.
Physical climate conditions prevailing at the LGM indicate a highly dynamic and mobile
landscape. On a backdrop of ~9 °C cooler than present temperatures (Galloway, 1965), the
active ripple and dune migration observed in both macro and microstratigraphy (Fig. 5.5; Fig.
5.8), as well as the rapid deposition of SU6 paints a picture of an extremely dry and windy
landscape. It is extremely likely then that the lunette at this time was all but devoid of stabilising
vegetation, similar to the currently active mobile dunes found on the leeward side of the lunette.
Foley (pers. comm., 2019) notes that the burnt animal remains excavated from HB1455 and
HB1466 are of species that are nocturnal and occupy burrows or hollows dug out of sandy
substrates – reinforcing the unconsolidated nature of the landscape. These enhanced aeolian
conditions are also recorded in the reactivation of the desert dune in the western Murray dune
field at this time.
So why then were people drawn to this harsh environment? Bowler et al. (2012) suggested that
the intermittent recharging of the lake causing oscillating conditions would provide stimulation
for increased biological productivity, and therefore a more diverse foraging environment. This
conclusion was supported by an investigation by Stern et al. (2013) who demonstrated that
higher concentrations of stone tools were most commonly found in sediments deposited by low
oscillating to lake dry conditions – a finding at odds with Allen (1998) who suggested that
large, stable freshwater resources dictated the movements of people within the MDB. One
possible explanation is the ‘easy prey’ hypothesis of Bowler (1998) that posits that the saline
conditions present within the lake waters at these times of low level were sufficient to put the
fish into lethargy enabling easy capture. The extent of the salinity was later demonstrated by
the otolith geochemical work of Long et al. (2014) and the occurrence of numerous combustion
features containing fish bones dating to this time (Bowler et al., 2012; Long et al., 2014). This
diet seems to have been supplemented by small terrestrial fauna (such as Bettong and Wallaby)
living in and around the lunette and the exposed lake bed (Fitzsimmons et al. 2014; Foley, pers.
comm., 2019).
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The earliest evidence of humans living around the lake is the buried remains of Mungo Man in
Bowler (1976). Found sediment equivalent to SU3, it is agreed on by most studies to be
deposited at a time stable lake high conditions, which is contrary to the suggested
palaeoenironment associated with the combustion features. People have been utilizing the
resources of Lake Mungo since the first stable lake full phase until the eventual drying event,
indicating they were highly adaptable to varying environmental conditions. This further
highlights that assumptions of the inhabitant’s occupation of Lake Mungo cannot be based
solely on archaeological traces or palaeoenvironmetal indicators. Much can be gained using a
combination of disciplinary techniques to unravel the complex relationship between Lake
Mungo and it’s past occupants.

6.6 Limitations of the current study and recommendations for future work
At the outset of this project that OSL and micromorphological samples coming from Gully 14
were thought to have been much younger than those determined. Based upon in field
correlations, it was thought that the uppermost samples from many of the stratigraphic sections
in Gully 14 would have been more similar in age to the combustion feature blocks collected
from the central lunette area. This outcome meant that the investigated combustion feature
features could not be encompassed fully by those sediments investigated directly in this study.
However, context could be provided by drawing upon previously published information from
other areas of the lunette. This highlights the lateral complexity of depositional processes at
play within the lunette, and that basing stratigraphic associations on colour and texture alone
at Lake Mungo is not a reliable means of determining age as the same depositional processes
produced similar looking deposits over time.
Analysis of combustion features could be improved by altering some of the sampling
techniques and controls used in this method. Micromorphology of the combustion features
clearly shows evidence of the associated burning event (e.g., as re-precipitated ash and heataltered bone fragments). However, it was concluded that the blocks did not sample the in situ
material of the original feature (i.e., directly over the position of the fire). The position of the
sampling block relative to the original fire place is crucial, as Aldeias et al. (2016) demonstrated
from controlled experiments. The FTIR spectrum from the combustion feature block samples
collected below the microfacies containing heat-altered bone and/or ashes recorded no
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evidence of heating in the clay mineral component analysed. To overcome some of these
shortcomings in future, the following suggestions could be implemented:
1) Rather than bulk sample and homogenisation of clay component, FTIR could be
conducted using an FTIR microscope to pinpoint rubified material within microfacies
containing burnt material to reduce the dilution effect and any other contamination,
creating a more precise spectrum.
2) The benchtop FTIR has the capabilities to be deployed in the field, as shown by
Meignen et al. (2001). Given the rapid measurement time of this machine (<2 min per
sample), it could be employed as a means of streamlining the identification of in situ
combustion features and their components, as well as a mean of characterisation.
3) The controlled experiment could be improved by conducting further heating
experiments between 400 and 500 °C to pinpoint changes in FTIR absorbance peaks.
4) Conducting controlled fire experiments in the field directly on top of Mungo sediments
to determine characteristics of in situ heated sediment which were undetected in lab
conditions. Recreating experimental combustion features on the lunette with controlled
parameters could help determine what temperatures can be reached and how the clay
reacts correspondingly. It could also aid in determining fuel type from charcoal
fragments and features of aeolian and anthropogenic reworking by micromorphological
analysis.
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7 CONCLUSION
This thesis set out to achieve three aims that were designed to more completely link together
the archaeological and landscape records within the WLRWHA. These aims were achieved
using complimentary techniques to date (OSL) and investigate the palaeoenvironment
(sedimentology and micromorphology) of both gully sediments and combustion features. In
this way, combustion features were reintegrated into their wider landscape narrative.
Two combustion features were investigated using soil micromorphology and FTIR
spectroscopy to assess their stratigraphic integrity and provide context to the associated
archaeological materials. The heat-altered material in HB1455 was deposited in a highly
disordered microfacies indicative of anthropogenic reworking. This microfacies was then
overlain by an ordered sediment dominated by geogenic clasts of quartz and pelletal clay that
also contained few heat-altered materials – this organisation pinpointed subsequent aeolian
reworking of combusted materials. A similar composition was identified in HB1467, indicating
geogenic reworking of heat altered an unaltered material. Although controlled FTIR
experiments on laboratory-heated sediments showed a distinct change in spectra between 400
and 500 °C, no such change was detected in any of the FTIR samples collect continuously
through either combustion feature block. This finding revealed that heating temperatures for
the clay fraction measured by FTIR in either combustion feature, as well as those sediments
underlying the microfacies containing heat-altered material, failed to exceed 400 °C. Neither
sediment block contained an in situ combustion microfacies, rather they sample reworked
material in the vicinity of the original fire place. While the burnt animal bones found in
association with each feature can clearly be linked to the cultural activity in time and space,
the association with unburnt material is less confident.
The OSL samples taken from the top and bottom of the combustion feature blocks provided
estimates for their formation – between 19 ± 1 and 14 ± 1 (HB1455) or 24 and 15 ± 1 (HB1467)
ka ago. However, soil micromorphological examination indicated that the sediments were
produced by two distinct depositional events separated by a disconformity surface, rather than
a slow accretion of material. The age of the heat-altered sediment (and the combustion feature
formation by extension) was narrowed down to <19 (HB1455) and <24 (HB1467) ka using
single-grain OSL dating, a finding later supported by radiocarbon dating of combustion feature
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contents by MAP researchers. Sedimentological and micromorphological analysis of an eroded
gully (Gully 14) at Joulni provided a depositional history of the Mungo dune onto which to
hang the combustion feature stories. This sedimentological work identified 8 stratigraphic units
that, for the most part, agree with those detailed in previous research. However, three notable
deviations were observed. First, SU3 (equivalent to Bowler’s Lower Mungo) occurred for a
much longer period than previously thought, with high and stable lake levels existing from ~44
to ~34 ka. Second, no evidence of the characteristic Upper Mungo unit was evident in the
sediments of Gully 14 that dated to the suggested 40–30 ka window. Third, the in field colour
and texture, and timing of SU4 (~34–26 ka) is similar to Unit D of Fitzsimmons et al. (2014)
– suggested to be deposited during a short lived ‘mega lake phase.’ However, the presence of
sand-sized pelletal clays in SU4 indicates a low lake level existed at this time.
A common timescale for both the deposition of Gully 14 sediments and the formation of the
combustion features was established using single-grain OSL dating. All De distributions of the
OSL sample collected from Gully 14 were overdispersed, more so for those from units where
pedogenesis was noted in thin section. A Bayesian model was constructed using the
stratigraphic framework to constrain the timing of deposition of the 8 SU. Although the
resulting age estimates were much older than anticipated (thought to originally be similar in
age to those of the combustion features), it reemphasises the complex depositional history and
lateral variability in preservation potential along the lunette. Superimposing the results of
archaeological analysis on the constructed depositional history of the lunette places the
combustion feature formation during harsh and windy conditions at the height of the LGM
(SU6: 23–20 ka).
The multidisciplinary approach of this study has enabled a more comprehensive link to be
drawn between the archaeological and palaeoenvironmental record at Lake Mungo, at least for
these two examples. Although FTIR spectroscopy and micromorphological analysis of
combustion features did not identify in situ features, it did enable a better understanding of
their structural integrity, and by extension determine if the archaeological traces in proximity
to a combustion surface are in fact related to the burning event. By using the analytical
techniques and approach outlined in this thesis, another layer of detail can be extracted from
the dual narratives recorded at Lake Mungo. This work, however, is but a snap shot of two
intimate events; there is a lunette worth of story yet to be told and stitched back together.
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